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Classical molecular dynamics has been performed to predict the behaviour of helium gas bubbles in ura-
nium dioxide, UO2, when subjected to displacement cascades that mimic the effects of self-irradiation
damage. The models presented here examine bubble sizes of 2 and 4 nm with several different gas den-
sities and displacement cascades with energies of up to 50 keV. Of particular interest are the mechanisms
by which helium atoms can be returned to solution in the lattice through interaction with displacement
cascades. This occurs both via ballistic recoil from high-energy ion fragments traversing the bubble and
also a damage assisted resolution whereby the high-pressure gas intermixes into the disordered cascade
regions formed adjacent to the surface of the bubble.

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

Helium is formed in uranium dioxide, UO2, as a consequence of
the a-decay of actinides during both normal reactor operation and
the long-term storage of nuclear fuel. The helium atoms, together
with insoluble fission gasses such as krypton and xenon, precipi-
tate into microscopic bubbles of gas within the UO2 lattice [1–5].
Understanding the behaviour of these bubbles is important as
the bubbles become associated with microstructural defects and
cause degradation of the fuel’s mechanical and thermal properties
[4,6,7]. The accumulation of helium gas bubbles at grain bound-
aries can lead to a loss of cohesion amongst the grains [8], reducing
the fuel pellets into powder. In addition, the growth and eventual
interlinkage of bubbles can produce an extended network of
pores and a rapid release of gas into the surrounding environment
[4,7,9–12].

In this paper we will consider mechanisms by which helium
may be returned from the bubbles back into solution within the
lattice. Understanding this process is crucial in determining the
equilibrium density and sizes of the bubbles [1,13,4,5] as well as
their migration rate [14,15,1,3,16–18]. The resolution of helium
may occur from thermal effects, although at normal fuel operating
and storage temperatures this is thought to make a small contribu-
tion to the total resolution rate [19,13]. Alternatively gas may re-
enter the lattice through radiation-enhanced resolution [20–22].
In this second process helium atoms are returned to the lattice
by the interaction of the bubbles with energetic recoil cascades ini-
tiated by fission or a-decay events within the nuclear fuel.

Previous empirical models of radiation-enhanced gas resolution
[21,22] have assumed that gas is redistributed into the lattice by
means of energetic recoil from high-energy ion fragments travers-
ll rights reserved.

mes).
ing the bubble. Atoms are assumed to have redissolved into the lat-
tice if they collide with the surface of the bubble with a kinetic
energy greater than some threshold energy Emin, which corre-
sponds to the energy necessary to place the atom sufficiently far
from the influence of the bubble that re-precipitation of the gas
does not immediately occur. Gas atoms may acquire this threshold
energy via direct interaction with the fission fragments, or for bub-
bles with a high gas density, by secondary collisions with other gas
atoms. These two processes lead to a resolution rate that is depen-
dent upon the probability of a helium atom encountering such a
energetic fragment within the bubble.

Empirical models of the resolution of gas atoms from bubbles
are able to give good quantitative values for levels of gas resolu-
tion. However, the many different physical processes that also con-
tribute to the equilibrium size and mobility of the gas bubbles have
complicated the physical interpretation of radiation-enhanced res-
olution. As a first step in understanding the atomistic scale pro-
cesses that occur during resolution, we present this study of the
interaction of helium gas bubbles with recoil cascades that are rep-
resentative of nuclear processes within the fuel. We consider only
helium gas despite the importance of xenon and krypton fissions
products. Due to its low polarisability, helium is known to be well
modelled using classical molecular dynamics [2]. It is our intention
to consider other insoluble gasses in subsequent studies.

On a microscopic level it is possible to simulate the process of
helium resolution as a function of several variables including
deposited energy, bubble volume, lattice temperature, gas pressure
within the bubble, bubble geometry, direction of the initial
primary knock-on atom, resulting cascade morphology and gas
composition (i.e., Xe/Kr/He ratios). Clearly there are numerous
variables that one would want to persue. We concentrate here on
the effects of the overall size of the bubble and internal gas pres-
sure (which, for small bubbles, is ill-determined experimentally
and theoretically). The morphology of the bubble before relaxation
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is spherical, although we have observed a similar range of resolu-
tion processes from octahedral-shaped bubbles bounded by the
lowest energy (111) surfaces [23]. Finally we have carried out each
simulation at a lattice temperature of 800 K, as representative of a
temperature experienced within a fuel pin of an operational nucle-
ar reactor.

The results are consistent with the previous view that thermal
resolution of the helium gas is almost negligible up to standard fuel
operating temperatures [19,13]. We examine two different bubble
sizes as specific examples showing several new physical processes
that occur during the interaction of gas bubbles with recoil cas-
cades. These processes may dramatically impact upon the resolu-
tion rate of the helium back into the lattice, the migration and
equilibrium populations of the bubbles and the rate at which the
gas-infiltrated disordered lattice recovers its crystal structure. Fi-
nally, we present a statistical study of the rate of resolution as a
function of the internal gas density for a bubble diameter of 4 nm.
2. Methodology

To study the dynamic behaviour of helium bubbles in UO2, we
have carried out a series of classical molecular dynamics simula-
tions. Simple two-body potentials are used to model the interac-
tion between uranium and oxygen ions and the helium atoms
[2,24]. The requirements of these potentials are that they should
be computationally tractable, they should replicate the long-range
structure of uranium dioxide and they should be robust enough to
handle the energetic collisions seen in recoil cascades.

To perform the simulations, the code DL_POLY version 3.02 [25]
was used; details of the operation of this code are given elsewhere
[26]. We employed the variable timestep option which scales the
integration timestep at each simulation frame depending upon
the maximum distance an ion is allowed to move. This allowed
an efficient sampling of the dynamical behaviour of the simulation
both during the energetic displacement cascade and in the longer
timescale equilibration periods.

Simulations were run in a constant-pressure, constant-temper-
ature (NPT) ensemble to establish the equilibrium cell metric; a
constant-volume, constant-temperature (NVT) ensemble during
the pre- and post-cascade equilibration period and a constant-vol-
ume constant-energy (NVE) ensemble for the brief displacement
cascade period where the system was far from thermal equilib-
rium. A Berendsen thermostat [27] was used to correct the temper-
ature, and where appropriate the pressure, with a relaxation time
of 0.1 ps.

Recoil cascades produce large-scale disorder in a pure crystal
lattice. In the finite system sizes considered here, typically
20 � 20 � 20 unitcells, it is possible for the resulting cascade disor-
der to interact with periodic images of itself. To minimise this
interaction a heat bath was embedded in the walls of each simula-
tion box. This consisted of a 0.3 nm thick layer of atoms, the veloc-
ities of which were coupled to a Langevin thermostat [28]. The
layer was effective at absorbing the thermal spike and any high-en-
ergy atoms released by the cascade, thereby effectively embedding
the central region in an infinite surrounding crystal.
2.1. Potential models

As we are dealing with an ionic solid the interactions between
ions are separated into a Coulombic part, which represents the
interaction between point charges, and a short-range energy. The
comparatively long range Coulombic part of the interaction is com-
puted internally in the DL_POLY code via a smooth particle mesh
Ewald sum [29]. This ensures both accurate convergence of the
Coulombic part of the energy and efficient dissemination of the
computational cost over several parallel processors. For the calcu-
lation of the Coulombic interaction energy, the uranium and oxy-
gen ions both assume their full, formal charges of +4 and �2,
respectively.

The remaining short-range interaction energies, Vij(r), between
pairs of ions i and j separated by a distance r, are represented by
potentials taken from the literature (see Table 1) and are as
follows.

The interaction between U4+ and O2� ions [2] is modelled using
the Buckingham potential of the form

VijðrÞ ¼ Aij exp � r
qij

 !
� Cij

r6 ; ð1Þ

where Aij, qij and Cij are empirically determined parameters.
The interaction between helium atoms and U4+ and O2� ions is

described by a Lennard–Jones potential of the form

VijðrÞ ¼ 4�ij
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where � and r are parameters derived from Hartree—Fock calcula-
tions of helium atoms in UO2 [2].

Finally, to account for the interactions between pairs of helium
atoms (particularly important in the bubble) we used a potential of
the form [24]

VijðrÞ ¼ A exp �ar � br6
� �

� 0:869

r2 þ a2ð Þ3
1þ 2:709þ 3a2

r2 þ a2

� 	
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where A, a, a and b are parameters derived from empirical fits to
high-energy collisions of helium atoms to separations of only
50 pm but the potential is also able to replicate the low-density
behaviour of a helium gas.

The short range interatomic potentials described so far, for
interactions involving ionic species, were derived to model the re-
gion of interatomic separation around equilibrium and are not nec-
essarily appropriate for modelling the violent collisions that occur
during displacement cascades. To remove this deficiency a Ziegler–
Biersack–Littmark (ZBL) model potential [30] was used to replicate
the high-energy, low-separation part of the potentials; this models
the reduction in electronic shielding between two nuclei due to the
distortion of the electron shells as the ions are brought closer
together.

To join the high-energy ZBL functions and the low-energy Buck-
ingham parts of the potentials, fifth-order polynomial splines were
used. The polynomial coefficients were obtained through the
requirement that the potential energy of each ion-pair (that is,
the short-range plus Coulombic energy) and its first and second
derivatives should be continuous at the boundaries of the transi-
tion region and that the polynomial function should decrease
monotonically throughout the transition region. The extent of the
transition region is delineated by two additional parameters r1

and r2, the values of which are given for each ion pair in Table 1.

2.2. Construction of the bubbles of helium gas

The construction of the bubbles and the simulation of their
interaction with damage cascades was realised in a number of
steps.

2.2.1. Equilibration of a perfect crystalline uranium dioxide lattice
Firstly perfect crystalline UO2 was simulated using a

20 � 20 � 20 supercell of the reported crystal structure [31] as
the starting configuration; this simulation was run for 25000 time-
steps (�50 ps) in an NPT ensemble to ensure the crystal had time
to sample a suitable local average of equilibrium structures at a gi-
ven temperature and pressure. The distribution of ionic velocities



Table 1
Potential parameters used for the short range interactions between U4+ and O2� ions and He atoms

Buckingham potential Trans. region

A (eV) q (nm) C (eV nm6) r1 (nm) r2 (nm)

U–U 18600.0 2.746 � 10�2 3.264 � 10�5 5 � 10�2 0.1
U–O 2494.2 3.4123 � 10�2 4.016 � 10�5 7 � 10�2 0.12
O–O 108.0 3.8 � 10�2 5.606 � 10�5 6 � 10�2 0.15

Lennard–Jones potential
� (eV) r (nm)

He–U 2.7106 � 10�2 0.49505 – –
He–O 1.5386 � 10�2 0.24000 – –

Helium–helium potential
A (eV) a (nm) a (nm�1) b (nm�6)

He–He 398.7 6.75 � 10�2 43.90 3.746 � 102 2 � 10�2 5 � 10�2
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was rescaled during the first 5000 timesteps. From this equilibrium
structure the average supercell metric was calculated over the last
20000 timesteps, the remaining simulations were carried out at an
NVT ensemble, constrained to this average supercell size.

2.2.2. Construction of the bubble
Bubbles were inserted into the simulated UO2 crystal by first

removing a stoichiometric number of uranium and oxygen ions
from a central spherical region to form a void within the crystal.
Helium atoms from a separate simulation of helium gas at a prede-
termined pressure and temperature were then introduced into this
void. Finally the UO2 crystal with the new helium gas bubble was
allowed to equilibrate for a total of 25000 timesteps (�50 ps), in
order to allow the excess potential energy of the freshly cleaved
surface and the helium–surface interactions to dissipate.

Relaxation of the spherical gas bubbles produced a final bubble
shape that was slightly faceted – in agreement with the dominance
of the (111) plane [32,14,23] for large equilibrium gas bubbles.
2.2.3. Recoil cascades
Radiation cascades were modelled by selecting a U4+ ion and

assigning to it an additional kinetic energy, corresponding to a re-
coil event within the crystal. The velocity of this recoil was directed
towards the centre of the gas bubble and the recoil ion position
was chosen such that the cascade should have sufficient distance
to transfer energy to several other ions by the time it reached
the bubble surface. This is the principle consideration of the pres-
ent study; that the energy of the recoil process is deposited in a re-
gion of the lattice adjacent to and intersecting a bubble. Cascades
that deposited their energy in a region adjacent but not intersect-
ing a bubble were also studied but it was found that the crystal
recovered (crystallised) before gas migrated from the bubble to
the disordered region and these are not reported here.

2.2.4. Final equilibration
The radiation cascade and its interaction with the bubble was

simulated for up to 50000 timesteps (�25 ps). The peak damage
occurred within the first fractions of a picosecond, however, we
followed the relaxation of the lattice to much longer timescales
in order to investigate the recovery processes.

2.3. Pressure in the helium bubble

For the simulations considered here we have examined a range
of different internal gas pressures. We report for each simulation
the number of helium atoms per formula unit of UO2 removed to
form the bubble. This removes any ambiguity in our reported re-
sults caused both by the relaxed volume occupied by the gas bub-
ble and the conversion from this density to a final internal bubble
pressure, as used in similar studies for helium bubbles in metals
[33].

We also provide an estimate of the pressure in each bubble by
comparing to the pressure obtained in a simulation of an equiva-
lent density and temperature of free helium gas. Such a calculation
neglects several important factors including: density fluctuations
that ocur near the gas–crystal interface and deviations from ideal
gas behaviour (see reference [34] for a more detailed discussion).
Nevertheless the estimate provides an order of magnitude value.
Using this calculation the pressure range we consider in these sim-
ulations is between 22 and 200 MPa. This covers the range of esti-
mated helium pressures present either in the UO2 fuel plenum or
grain boundary bubbles at the end of life [35–37] or in long term
storage [38,8]; direct measurements of implanted helium bubbles
have examined helium atom concentrations similar to these
[5,9,4]. Due to its lower production rate, higher solubility and high-
er mobility in a fuel matrix, the pressure of helium is considerably
less in UO2 than the several GPa pressures reported for krypton or
xenon bubbles [39,40].

3. Results

We begin with a discussion of a 10 keV cascade occurring near a
small 2 nm diameter bubble with a high helium to UO2 vacancy ra-
tio of 3.12 helium atoms per UO2 formula unit (328 helium gas
atoms in total). In Fig. 1, we show a series of four key snapshots ta-
ken from this recoil cascade over the first 8 ps of the simulation. By
looking first at this example of a high-pressure helium bubble,
where resolution events occur much more readily, we can establish
some processes that result in resolution, and this commentary will
support much of the following discussion.

3.1. Example of a cascade

Upon initiation of the cascade (Fig. 1(a)) the primary knock-on
ion undergoes several high-energy collisions to produce a cascade
of energetic ions. These travel towards the bubble causing consid-
erable disruption of the UO2 lattice. This damage field progresses
until it intersects with the bubble. At this point a proportion of
the cascade energy can be transferred to the gas atoms. Only a very
few helium atoms are knocked out directly into the UO2 lattice as a
result of energetic collisions with atoms within the bubble. One
such ‘‘recoil” helium, produced by direct collision with an energetic
U4+ ion, is labelled in Fig. 1(b).

The process of resolution does not solely occur by the implanta-
tion of high-energy helium atoms deep into the crystal lattice,
rather as shown in Fig. 1(b), it also is an intermixing of the high-
pressure helium gas into the disordered region immediately adja-
cent to the bubble. Significantly, the lack of crystalline order of this
region presents a much lower barrier (Emin in the nomenclature of



Fig. 1. A series of snapshots showing instantaneous ion positions for the interaction of a helium bubble with a 10 keV recoil cascade. Uranium ions are plotted in green,
oxygen in red and helium atoms in white: (a) Cascade initiation (t = 0.0 ps): A 10 keV recoil atom is initiated in the lower left corner of the figure; (b) Ballistic shock phase
(t = 0.8 ps): High-energy uranium and oxygen ions knock helium atoms into the disordered region; (c) Helium resolution (t = 1.2 ps): Helium atoms from the bubble leak into
the damaged region and migrate through it. The yellow dotted line shows the peak area of recoil damage resulting from the cascade; (d) Final configuration (t = 8.0 ps): An
area (outlined in yellow) of disordered UO2 and helium atoms is formed from the result of the cascade. The blue dotted line illustrated the peak damage as shown in Fig. 1c.
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Ronchi [21,22]) to the incorporation of helium from the bubble,
than does the crystalline bubble surface. The existence of the dis-
ordered region is crucial as it provides an energetically accessible
pathway for helium resolution.

Once removed from the bubble, the helium in the disordered re-
gion has a relatively high mobility, allowing it to be transported
rapidly through this region. At the same time as the helium is mov-
ing into this region, the thermal energy from the recoil cascade has
dissipated and the lattice is starting to recrystallise, from the edge
of the disordered region inwards (between Figs. 1(c) and 1(d)).
Where the recrystallisation front meets a low concentration of he-
lium atoms, these are trapped, usually into octahedrally coordi-
nated interstitial or U4+ substituted positions, although we have
also observed helium atoms substituting on to tetrahedrally coor-
dinated sites (usually occupied by O2� ions). For higher concentra-
tions of helium the recrystallisation front is halted; that is the
helium atoms prevent further recovery of the lattice. Fig. 1(d)
shows an example of this residual damage.

The evolution of the high helium content disordered region was
simulated to 25 ps. No significant level of recrystallisation was ob-
served, though given the highly-ionic nature of uranium dioxide it
is unlikely that there will be any residual amorphisation given full
thermal equilibrium [41,42]. It is not clear on these timescales the
eventual fate of the helium atoms. There are three possibilities: (i)
They may be re-incorporated into the bubble; (ii) they may be accom-
modated into crystalline sites within the recrystallised UO2 lattice, or
(iii) they may nucleate a second bubble adjacent to the first.
3.2. Time dependence of helium resolution

Next we examined the resolution rate from larger 4 nm bubbles
across a wide range of internal gas densities suggested from exper-
imental data [39,40]. For a 10 keV cascade the resolution from
these bubbles was much smaller (in terms of fraction of gas re-
solved), often only consisting of a few atoms of helium. To increase
the resolution rate we therefore employed a PKA of energy 50 keV,
which produced much larger areas of disorder on the surface of the
bubble.

Fig. 2 reports the evolution of a 50 keV cascade occurring adja-
cent to a 4 nm bubble. In this case the bubble contains 1712 atoms
of helium equivalent to a density of 2.08 He per UO2 formula unit.
The lattice disorder (Fig. 2, y-axis) is defined as the number of ori-
ginal U4+ crystal sites from a time-average of the structure before
the cascade took place, that subsequent to the cascade do not have
a U4+ ion within 0.1 nm; before the cascade there is a small level of
disorder due to ions that have moved around on the surface of the
bubble (hence the graph in the upper portion of Fig. 2 does not
show zero disorder at the start of the cascade). Given this defini-
tion, the upper portion of Fig. 2 shows that disorder in the simula-
tion increases rapidly to a peak around 0.4 ps after cascade
initiation. Subsequently it decays away to a level slightly above
the original disorder in the UO2 crystal.

There are a number of measures that could be employed to
monitor lattice disorder. The method used here, based on the num-
ber of U4+ ions close to U4+ lattice sites, has the advantage that after



Fig. 2. A plot showing the evolution with time of a 4 nm diameter bubble subject to a 50 keV recoil cascade. The top plot shows the lattice damage measured as a function of
vacant U4+ sites. The bottom plot shows the displacement of all the helium atoms that leave the bubble during the course of the simulation.
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the lattice has recovered, a site is occupied (i.e. not contributing to
the measure of lattice disorder) irrespective of which U4+ is adja-
cent to the site. That is, re-arrangement of the U4+ ions do not cause
an increase in the amount of disorder. A disadvantage of this tech-
nique is that any disorder created independently on the O2� sub-
lattice is ignored.

The majority of helium atoms are unaffected by the cascade
damage. However, as shown in Fig. 2, a few atoms are transferred
from the bubble and deposited within the disordered UO2 lattice.
As time evolves and the lattice recovers, these atoms occupy octa-
hedral or tetrahedrally coordinated sites within the lattice. These
interstitial atoms are separated by several lattice spacings from
the main helium bubble and do not move back into the bubble over
the timescale of the simulations. Unlike the small, high-pressure
bubble shown in Fig. 1 we did not observe any significant residual
disordered regions at the end of the simulations.

We note that although the absolute rates of resolution as a frac-
tion of total gas atoms have dropped significantly from the case of
the smaller bubble shown in Fig. 1, there are still a number of
atoms that leave the gas bubble at times that are significantly be-
yond the peak damage. We now divide the total number of gas
atoms into three categories: atoms that remain within the bubble,
atoms that escape the bubble through ballistic recoil and finally
atoms that escape the bubble through resolution into defective re-
gions adjacent to the surface of the bubble. Atoms that are resolved
through either mechanism are defined as those whose position is
greater that 2.25 nm from the centre of the bubble (0.25 nm from
the bubble surface) in a period of time between 2.0 and 2.5 ps after
the initiation of the displacement cascade. This definition neglects
two sub-categories – resolved atoms that occupy stable lattice sites
in the 0.25 nm boundary region at the bubble surface and non-re-
solved atoms that re-precipitate into the lattice at times greater
that 2.5 ps. This definition is likely a pessimistic estimate of the
absolute levels of resolution: from Fig. 2 we can see that there
are atoms that appear to remain in the lattice on the lifetime of
the simulation yet would not be counted towards the total resolu-
tion rate. The reprecipitation rate of helium atoms in lattice sites is,
by contrast, a slow process; although in theory all of the resolved
atoms shown will eventually either precipitate back into the bub-
ble or move outwards into the crystalline bulk.

We now turn to the division of the resolved helium atoms into
recoil and damage assisted resolution. Fig. 3 presents a plot of the
atomic speeds of the same atoms shown in Fig. 2. The helium
atoms shown fall into two categories: The upper three atoms
(highlighted in red) that obtain speeds that are improbable to oc-
cur in normal thermal equilibrium of the bubble at the lattice tem-
perature prior to the cascade initiation, and the lower atoms which
always exhibit speeds well within the equilibrium distribution of
speeds. On this basis, we consider an atom to have undergone bal-
listic recoil resolution if it has been resolved into the lattice (as de-
fined above) and obtained, at anytime during the 2.5 ps of the
simulation, a speed in excess of 20 km/s; the resolved atoms that
stay below this limit are assumed to have undergone resolution
through the damage assisted mechanism. Thus, in Figs. 2 and 3
the atoms which undergo recoil resolution are highlighted in red.

The value of speed used to define the division of resolved atoms
into recoil and damage assisted categories is not unique. In partic-
ular ballistic resolution will exhibit a range of recoil energies. Even
in our mono-energetic cascades occurring close to the surface of
the bubble we observe a range of ballistic energies. In a real gas
bubble with a range of initial PKA energies there will be a contin-
uous spread of ballistic recoil processes down to energies which
are comparable with those which occur well within a normal
thermal distribution.



Fig. 3. A plot showing the evolution of the speeds of a selection of helium atoms during the course of a 50 keV cascade occurring near a 4 nm helium gas bubble. The selection
of atoms is the same as in Fig. 2. Highlighted in red are the helium atoms which exceed the 20 km/s boundary between ballistic and damage assisted resolution. For
comparison the root mean squared speed of helium atoms in thermal equilibrium at 800 K is approximately 2.3 km/s.

D.C. Parfitt, R.W. Grimes / Journal of Nuclear Materials 381 (2008) 216–222 221
3.3. Effect of internal gas pressure

We now consider how the overal resolution rate changes as a
function of the internal gas density. To achieve this we have taken
the larger 4 nm bubble and removed different numbers of helium
atoms. Each of these new densities was then allowed to equilibrate
for around 10 ps.

The random nature of the morphology of the displacement
cascades means it is not possible to predict in a deterministic
way the amount of energy reaching the bubble surface and caus-
ing resolution, we adopt therefore a statistical analysis based on
six equivalent cascade simulations. Thus, at each bubble pressure,
we select six uranium ions within a distance of 3.5–3.8 nm from
the centre of the bubble and give these ions a momentum direc-
ted towards the centre of the bubble corresponding to a kinetic
energy of 50 keV. The number of resolved helium atoms from
each of these simulations is averaged to obtain an estimate of
the rate of resolution.

Table 2 shows the averaged results for these simulations to-
gether with the associated standard deviations in each case. The
levels of resolution drop significantly as a function of the decreas-
ing gas pressure. In the higher pressure bubbles resolution clearly
occurs at a statistically significant level while at lower pressures
the average number of resolved atoms per cascade drops below
one. As discussed in the previous section, helium gas resolution oc-
curs both during the ballistic damage phase and afterwards in the
lattice recovery phase. The distinction is true at all but the lowest
pressures studied. More work is need to determine whether the
balance between ballistic and thermal resolution changes as a
function of internal bubble pressure.
4. Discussion and conclusions

Results have been presented for a series of molecular dynamics
simulations that model the interaction of helium gas bubbles in
UO2 with radiation cascades within the crystal lattice. In agree-
ment with experimental and theoretical work we observe no
thermal resolution from the bubble to the lattice prior to any inter-
action with the displacement cascade. However, we have identified
two distinct mechanisms responsible for radiation enhanced reso-
lution: (i) ballistic recoil resolution, which occurs as a result of col-
lisions between helium atoms and atomic fragments crossing the
bubble and (ii) damage assisted resolution, which occurs from
the thermally activated incorporation of helium atoms into disor-
dered regions of the lattice. We discuss here the impact of these
two observations upon models of gas resolution in pure crystalline
UO2.

For small gas bubbles (first example, shown in Fig. 1) radiation
enhanced resolution resulted in a significant fraction of the helium
gas atoms being removed from the bubble into the UO2 lattice. On
the timescales of these simulations some of these atoms end up at
interstitial sites in a recrystallised portion of the lattice, while
others are within the still disordered lattice region adjacent to
the bubble.

Larger, less gas-dense bubbles exhibit much lower relative
levels of resolution (i.e. helium atoms returned to the lattice as a
proportion of the total number of helium atoms). This is primarily
because the rates of resolution via the two mechanisms will de-
pend upon the density of gas atoms within the bubble. For damage
assisted resolution the rate (for a given gas-density) will depend
upon the surface area of the bubble intersected by the cascade



Table 2
Levels of resolution (in helium atoms resolved per cascade) calculated from molecular
dynamics simulations of cascade damage interaction with helium bubbles at several
different gas densities, details of the method of calculation are given in the text

No. He atoms Atomic density Pressure No. resolved He atoms
Per UO2 MPa Total Thermal Ballistic

250 0.31 22 2.2(1.8) 0.3(0.5) 1.8(1.7)
500 0.61 53 2.5(2.6) 1.2(1.1) 1.3(1.6)
750 0.91 71 7.4(5.2) 2.4(2.0) 5.0(3.2)
1000 1.22 98 8.3(5.5) 5.0(4.2) 3.3(1.6)
1250 1.52 125 10.5(5.5) 5.3(3.0) 5.2(2.73)
1500 1.83 153 25.7(11.5) 10.7(5.4) 15.0(6.7)
1712 2.08 180 30.0(8.7) 12.7(3.4) 17.3(5.25)

Numbers in brackets refer to one standard deviation. We also report equivalent gas
pressures for helium in a free gas.
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damage, since it is only atoms at the surface that have access to the
disordered lattice region. For ballistic recoil, the resolution rate will
depend upon the probability of a high-energy species encountering
a helium gas atom within the bubble void. However, for larger bub-
bles the free path of energetic gas atoms within the bubble void
may be smaller than the size of the bubble. In this case even if bal-
listic gas atoms within the void are created they will not necessar-
ily reach the surface of the bubble due to the rapid loss of energy
due to collisions with other gas atoms. Consequently, for suffi-
ciently large bubbles, of order of several tens of nanometers, it is
suggested that ballistic recoil resolution will also be a surface phe-
nomenon. Such a case is more likely too occur in krypton and xe-
non gas bubbles as these have a far higher pressure and lower
mean free path than the helium examples considered here.
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