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Atomistic simulations are performed to study the response of Xe gas bubbles in UO, to ionizing
fission products through the thermal spike approximation. A portion of the total electronic stopping
power (S,) is taken as the thermal spike energy through a ratio variable {. The thermal spike energy
causes extreme melting within the fission track cylindrical region. Molecular dynamics is
employed to quantify the probability of a Xe gas atom to be re-solved (re-dissolved) back into the
UO, matrix. Subsequently, a re-solution model is developed and parametrized as a function of bub-
ble radius (R), off-centered distance (), and thermal spike energy ({S.). The off-centered distance
measures the shift of the thermal spike axis from the bubble center. To evaluate the re-solution
model, independent fission product yield of U-235 fission due to thermal neutrons (0.0253eV),
taken from the JEFF-3.3 database, is used. The kinetic energy of the fission products is taken from
the EXFOR database. Subsequently, the decay of S, over distance for each fission product is
simulated. Finally, the evaluated re-solution rate (re-solution probability per second) is presented

as a function of bubble radius for a range of {. Published by AIP Publishing.

https://doi.org/10.1063/1.5042770

I. INTRODUCTION

In uranium dioxide (UO,) nuclear fuel, xenon isotopes
are the main gaseous fission products at the end of the vari-
ous decay chains.' Accumulation of fission gas atoms
increases the risk of the release of the radioactive gas atoms
to the environment and/or increases the pressure in the fuel
rod that may lead to mechanical failures.>”'” For safety and
economic efficiency, it is important to be able to accurately
predict the fate of the fission gas atoms. Xenon atoms have
vanishingly low solubilities in UO, and readily form bub-
bles.""™'7 The distribution of these bubbles®'®?! directly
relates to the pressure in the fuel rod. On the one hand, bub-
bles grow by absorbing gas atoms via diffusion®*'?*7? or
by bubble coalescence.®*' On the other hand, energetic fis-
sion products interact with gas atoms in the bubbles, leading
to the re-introduction of dissolved gas back to the UO,
matrix, a process known as gas bubble re-solution.***® The
re-solution rate is a parameter that directly enters the effec-
tive gas diffusion coefficient employed in fission gas release
models,>6:8:9-39745 Among the first experimental indications
of bubble re-solution in UO, is the work by Whapham'® that
showed that small (2.5-nm radius) bubbles disappeared when
the sample was re-irradiated with fission products at 100 °C.
Evidently, the distribution of bubbles is governed by a
dynamic balance between the above two competing pro-
cesses, which in turn depend on, among other factors, fission
rate density, fission dose, and temperature.
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Two mechanisms of re-solution have been introduced
based on how the energetic fission products dissipate their
energy as they travel through the material. The first one is
via atomic collision cascades (i.e., due to the nuclear stop-
ping).***® The other is due to the electronic stopping, which
raises the local temperature within the fission tracks to a
value that is often much higher than the melting temperature
of the UO,'** The first mechanism has been termed
homogeneous re-solution while the latter heterogeneous
re-solution. However, the physical meaning of the terminolo-
gies is somewhat unclear. The atomistic processes involved
in both mechanisms occur in the pico- and nano-second time
scales and hence cannot be readily explored with experimen-
tal methods but are well-suited for atomistic simulations.

In 2009, Schwen et al.*’ investigated the homogeneous
re-solution of a 1-nm radius Xe bubble at 1600K using a
combination of binary collision and molecular dynamics
(MD) methods. First, using a simulation box containing
7.4 x 10~ bubbles/nm® and Xe density in the bubbles of 20
atoms/nm”, binary collision simulations were performed to
obtain the energy distribution of Xe primary recoils (Xe
atoms directly scattered by the energetic fission products)
when the system is subjected to various fission products with
different atomic numbers. The identity and kinetic energy of
the fission products were randomly sampled from the kinetic
energy distribution of U-233 fission products from Ref. 48.
The Xe primary recoils were subsequently used to initiate
displacement cascades using MD. The simulations resulted
in about 5 re-solved atoms per fission product. A re-solution
rate (the probability of a gas atom to be re-solved per sec-
ond) was then evaluated for a typical fission rate density of

Published by AIP Publishing.
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10°®*/nm’s corresponding to the fission rate density of a
2.5%-enriched UO, fuel.>® The evaluated homogeneous re-
solution rate was by,,,,, = 3 X 10757533

The re-solution rate calculated by Schwen is about 50 x
lower than calculated using an analytical model by Nelson>?
and two orders of magnitude lower than the empirically fitted
value by Losonen (3 x 10™/s).” Note that Losonen’s empiri-
cal value represents a total re-solution rate, i.e., it is not
mechanism-specific. Three years later, Govers er al. per-
formed MD simulations of homogeneous re-solution using
larger bubbles (radii of 2 and 2.5 nm) at 1000 K.*” Gas densi-
ties from 7.6 to 22.9 Xe/nm® were investigated. A uranium
atom (5.8 nm from the center of the bubbles) was used as a
primary knock-on atom (PKA). Using PKA energies ranging
from 10 to 50keV, Govers and co-workers found that out of
63 simulations, the largest number of re-solved atoms was
only three, which occurred in only two simulations. Due to
this extremely low probability, the authors suggested that the
homogeneous re-solution in their simulations was negligible.
Up to this point, the simulations by Schwen et al. and
Govers et al. suggest that homogeneous re-solution alone
cannot fully account for Losonen’s empirical value.

In 2010, Huang er al.*® performed MD simulations to
explore if local heating in the heterogeneous re-solution
mechanism can produce more extensive re-solution than col-
lision cascades. The local heating due to electronic stopping
was modeled via a thermal spike approximation. In this
approximation, a portion of the energy that is originally
deposited to the electrons is transferred to the lattice as ther-
mal energy (thermal spike energy). The thermal spike energy
is then distributed to atoms within a fission track. A cylindri-
cal region is used to model the fission track. Electronic stop-
ping powers of S,=32.8, 47.0, and 55.4keV/nm were
investigated. The radial temperature profile in the thermal
spike region was initialized by creating several coaxial shells
and rescaling the velocity of atoms in each shell. The evolu-
tion of the temperature profile was compared to that obtained
from solving coupled heat diffusion equations between the
electronic system and the lattice [two-temperature (2T)
model].**° The comparison allows for calibrating the initial
temperature profile used in the MD simulations as well as for
estimating the thermal spike energy. Since the thermal spike
energy represents the portion of S, that effectively causes the
re-solution, it is referred to as the effective electronic stop-
ping power S, In Huang’s simulations, the system was
equilibrated at 300K before the thermal spike was intro-
duced. A 1-nm radius bubble, containing a xenon density of
20 Xe/nm>, was used to study the re-solution. Two geome-
tries were investigated: (1) on-centered, where the axis of the
thermal spike passed the bubble center, and (2) tangential,
where it passes tangentially along the bubble surface. The
on-centered simulations resulted in 6.3% and 14.6% re-
solved atoms with 47.0 and 55.4 keV/nm, respectively. The
values from the tangential thermal spikes were lower, at
3.2% and 12.0%, respectively. In both cases, no re-solution
was observed with §,=32.8keV/nm. The results suggest
that no re-solution is expected from fission products in UO,
sincg:1 their electronic stopping powers do not exceed 22 keV/
nm.
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Two years later, Govers et al. performed thermal spike
simulations that included bubbles with different sizes and
gas densities.>’ Unlike Huang er al., Govers et al. directly
specified S, .+ as an input parameter in the simulations. The
thermal spike energy was initially distributed uniformly
within a 4-nm radius cylinder. The system was equilibrated
at 1000K before the thermal spike was introduced. Bubbles
with radii of 0.8, 1.2, 1.5, 2, and 2.5nm and gas densities
ranging from 8 to 23 Xe/nm® were subjected to a thermal
spike with S, .4 ranging from 10 to 42keV/nm. The simula-
tions showed that re-solution occurred with S, . > 15keV/
nm. Analyses of the re-solution as a function of bubble size
and gas density were not presented, presumably because of
the lack of any clear trend on the dependencies. Hence, all
data points were fitted with a single linear model

Nres - a(Se,eﬁ' - Se.c)a (1)

where N, is the number of re-solved atoms, o0 =2.7 atoms/
(keV/nm), and S, .=13.2keV/nm is the fitted critical S, .
above which re-solution can occur.

To relate the thermal spike energy to the total electronic
stopping power of fission products, which is typically on the
order of 18 to 22 keV/nm for the heavy and light fission prod-
ucts,”! Govers et al. performed a parametric study by varying
Se.ofr and observed that dislocation loops and disoriented nano-
domains start to form in pure UO, at S, .= 16keV/nm. The
dislocation loops have a Burgers vector along [110], similar to
those observed after low-dose fission product irradiations by
Soullard.**? This comparison suggests that about 16/
22=73% to 16/18 =89% of the total electronic stopping
power should be taken to model thermal spikes in MD simula-
tions. Let us denote this ratio as { =S, ,/S,.. To compare
with the results of Huang et al., Govers et al. estimated (based
on the data provided by Huang et al.) that the 2T model
imposes values of { between 0.3 and 0.5. Using this range of
{, the S,=32.8keV/nm in Huang’s work (in which no re-
solution occurred) corresponds to S, .+ between 9.8 and
16.4keV/nm, which is in close agreement with the S, . value
in Govers’ work (13.2keV/nm).

While Govers et al. have performed many thermal spike
simulations, only on-centered thermal spikes were investi-
gated. In addition, a careful analysis of the re-solution depen-
dence on bubble size and pressure was missing. In this
paper, we report the results of our thermal spike simulations,
which reveal a systematic dependence of the re-solution on
the bubble size, fission product track-bubble interaction
geometry (e.g., off-centered distance between the axis of the
thermal spike and the bubble center), and S, . These results
allow us to construct an updated model of heterogeneous
re-solution rate, which incorporates the dependencies on the
above parameters. In addition, we will evaluate this model
by using a realistic distribution of fission products, account-
ing for decay of the electronic stopping power as a function
of distance for each fission product.

Il. METHODS

In 2014, Cooper et al. reported a consistent set of empir-
ical potentials to describe pure actinide oxides (AcO, where
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Ac=Am, Ce, Cm, Np, Th, Pu, and U).53 These potentials
can reproduce a range of thermo-physical properties (lattice
parameter, thermal expansion coefficient, elastic constants,
bulk modulus, enthalpy of formation, and specific heat)
between 300 K and 3000 K. Another property that is particu-
larly pertinent to thermal spike simulations is the melting
behavior. In fact, the Cooper potential predicts the melting
temperature of UO, to be 3050 = 50K, in excellent agree-
ment with the experimental value (3147 = 20 K).54 For com-
parison, the 2003 Morelon potential®® that is used in the
re-solution simulations of Schwen, Huang, and Govers pre-
dicts 3500 = 65K as calculated by Govers®® and 3300K as
calculated by Schwen.?® Readers interested in a more com-
plete description of the Cooper potential properties and com-
parison with the earlier potentials are referred to Refs. 53,
56, and 57. The Cooper potentials for the pure actinide
oxides employ the same oxygen-oxygen interaction, allow-
ing a more consistent extension to mixed oxide potentials,
which are subsequently published in Refs. 58 and 59. In
2016, Cooper et al. added the Xe and Kr interactions in
Ce0O,, ThO,, UO,, and Pu02,60 The interactions of Xe and
Kr in those oxides were fit by matching to density functional
theory (DFT) forces in various configurations at tempera-
tures from 300K to 5000 K. The potentials were then vali-
dated against the literature and DFT defect trapping energies
for Xe and Kr in those oxides. The above sets of Cooper
potentials provide a powerful tool to explore various pure
and mixed oxide fuels. Therefore, we use the Cooper poten-
tial in this study. The Xe-Xe, Xe-Kr, and Kr-Kr interactions
used in the Cooper potentials were subsets of the noble gas
potentials developed by Tang-Toennies.®’

The thermal spike simulations are performed with the
LAMMPS code® in an orthogonal box where the axis of the
thermal spike and the [100] direction of the UO, crystal are
oriented along x. The box represents a 150 x 60 x 60 super-
cell (approximately 81.9 x 32.7 x 32.7nm’) containing
about 6.5 million atoms. There are five collinear Xe bubbles
in the box equally spaced along x, i.e., 16.4 nm center-center
distance. Full periodic boundaries are applied. The system is
initially equilibrated at 600 K and zero pressure. Subsequent
thermal spike simulations are performed in constant volume
and energy (NVE) with a thermostated region (at 600 K) at
the y and z boundaries to model heat diffusion out of the sys-
tem. The Berendsen thermostat® with a temperature damp-
ing parameter of 0.1 ps is employed at each of the 1-nm
thick thermostat regions. Figures 1(a) and 1(b) show the time
evolution of temperature as a function of radial distance
from the centerline of a cylindrical thermal spike in a perfect
UO, crystal subjected to a 4-nm radius spike with an energy
of S, .r=16keV/nm, simulated using a standard box (60
supercells along y and z) compared to a larger box (100
supercells along y and z). The temperature profiles in both
boxes as a function of time are similar, indicating that the
thermostat setup is appropriate to simulate the heat diffusion
out of the system.

The thermal spike approach approximates the effect of
electronic stopping on the dynamics of atoms simulated in
MD. The main advantage of this approach is that it considers
only the effective energy transferred to the lattice. Therefore,
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uncertainties in the variables and approximations used in a
more complex method such as a coupled 2T-MD method®*®°
are excluded. Intricacies in the coupled 2T-MD method can
be found in Refs. 50, 64, and 65. In addition, performing
coupled 2T-MD simulations for systems with millions of
atoms remains extremely computationally expensive.
Therefore, similar to the previous work of Huang et al. and
Govers et al., we employ the thermal spike approach. We
note that even though the 2T model was used by Huang, it
was decoupled from the MD simulations.

Huang et al. noted that after 1 ps, the MD temperature
profile became smooth and similar to the profile from the 2T
model. Govers used an initially uniform temperature profile
but varied the radius of the thermal spike and noted that the
evolution of the temperature profile beyond 1 ps was similar.
Furthermore, Govers et al. noted that only limited re-
solution can occur within the first several pico seconds and
subsequently chose 4 nm as the thermal spike radius in their
production runs. Even though the approach used by Govers
is more approximate, it circumvents the uncertainties in the
2T model as used by Huang. Therefore, we follow the
approach of Govers and co-workers and defer the more com-
plex procedure for the future when full 2T-MD simulations
become more reliable and practical. In our simulations, a
thermal spike radius of 4 nm is chosen based on the electron-
phonon interaction mean free path A=4nm, which
represents the effective length of heat diffusion in the electron-
phonon coupled system obtained by Toulemonde er al.™

Each bubble is created by filling a spherical void with
randomly distributed Xe atoms. Charge neutrality is imposed
in creating the voids. Table I summarizes the bubbles
explored in this study. For simplicity, a 0.8-nm radius bubble
containing 36 Xe atoms is denoted as RO.8N36. The gas den-
sity in the bubbles ranges from 10.0 to 24.2 Xe/nm® (or 2.2
t0 5.3 g/cm3). Thermal spike energies of 10, 13, 16, 20, 25,
and 30 keV/nm are investigated. With a 4-nm radius cylindri-
cal thermal spike, a 10-keV/nm energy deposition corre-
sponds to about 2.7 eV/atom. For comparison, the thermal
energy at the melting point is equivalent to a kinetic energy
of about 0.4 eV/atom.

An adaptive time step with a maximum atomic displace-
ment of 0.025 A per step is used in the simulations. Figure
1(c) shows the temperature evolution of systems subjected to
different S, .4 The corresponding numbers of re-solved Xe
from a representative R0O.8N36 bubble are shown in Fig.
1(d). Following previous works,>" re-solved atoms are
defined as those beyond 1 nm from the bubble surface. The
results show that re-solution occurs gradually over tens of
pico seconds before it reaches steady-state. The time to reach
the steady-state count of re-solved atoms varies from 10 ps
for the S, .= 10keV/nm to 70 ps for the S, .= 30keV/nm.
The simulations are followed until the system cools down
below 700 K. This setup typically allows for a steady-state
behavior to last for 50 ps, indicating that no significant
changes are expected (within the MD time scale). As evident
from Fig. 1(d), the re-solution evolution with 16 keV/nm spike
reaches a steady-state behavior between 25 and 30 ps. The
corresponding temperature profile [Fig. 1(a)] shows that at 30
ps, the hottest part of the spike region is still around 4000 K.
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FIG. 1. Time evolution of the temperature profile as a function of radial distance from the centerline of a cylindrical thermal spike in a perfect UO, crystal sub-
jected to a 4-nm radius spike with S, .+ = 16 keV/nm simulated using (a) 10 x 60 x 60 and (b) 10 x 100 x 100 supercells. The horizontal line in (a) and (b)
denotes the melting temperature calculated with the empirical potentials (7, = 3050 K). Production runs with Xe bubbles are simulated with a 150 x 60 x 60
supercell. (c) Temperature evolution of systems subjected to S, .4 from 10 to 30keV/nm and (d) the corresponding re-solution from a representative R0.8N36
bubble. Horizontal line in (c) denotes the temperature below which the simulations are stopped (7, = 700 K). Horizontal line in (d) denotes the total number

of Xe in the R0.8N36 bubble.

This result corroborates a previous study®* of the effect of a
30-keV/nm thermal spike on Xe diffusion, which showed that
the mean squared displacement of Xe within the thermal spike
reaches a steady state once the temperature in the thermal
spike region falls below 5000K. Temperature in a nuclear

TABLE I. Setup of Xe bubbles: bubble radius (R), number of vacant sites
(Nyae) given in UO, formula unit, number of Xe atoms (N), N /N4, gas den-
sity in the bubbles (py.), and bubble pressure (P). px, and P are obtained
from MD simulations at 600K and based on the void volume
(Vyoia = 0.25¢°N, 4., where a=>5.4854A is the lattice constant at 600 K).
Uncertainties in P denote the standard deviations calculated with five
bubbles.

R(@m) Ny, (UOy) N N/Nwe  pxeXe/nm®) P (GPa)

0.6 23 10 0.43 10.5 1.1 0.1
0.6 23 15 0.65 15.8 33=*0.1
0.6 23 20 0.87 21.1 70=*03
0.8 58 24 0.41 10.0 0.6 =0.1
0.8 58 36 0.62 15.0 23=*0.1
0.8 58 48 0.83 20.1 54=0.1
1.5 369 369 1.00 242 7.5 *0.1
2.0 804 562 0.70 16.9 1.9=*0.1
3.0 2779 2779 1.00 242 6.5 *0.1

fuel pellet varies depending on the location from the fuel cen-
terline, with typical values ranging from 773 to about 1473 K.
Since the thermal conductivity at 1473K is lower than at
600 K, the thermal spike will last somewhat longer if the sim-
ulations are performed at 1473 K. The calculated thermal con-
ductivity at 300, 1000, and 1500K is approximately 14.6, 4.5,
and 3.0 W/m/K, respectively.’’ Note that the decrease from
1000K to 1500K is small. Meanwhile, from the temperature
profile, the temperature in regions close to the thermal spike
(i.e., between 4 and 10nm from the spike axis) already
reaches >1000K within 5 ps and remains >1000K after 60
ps. This indicates that even though the system is initially at
600K, the local temperature in regions surrounding the ther-
mal spike is practically >1000K throughout the duration of
the simulation that is pertinent to re-solution. Therefore, we
expect that the results presented in this study are applicable
for other regions of fuel pellets, i.e., the temperature effect is
small within the pellet temperature variation.

lll. ON-CENTERED THERMAL SPIKE

In this section, we explore re-solution due to an on-
centered thermal spike event. Figure 2 shows the number of
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replotted in (b) for clarity. Error bars denote the standard deviations calcu-
lated from five bubbles. The dashed line is the linear fit from Govers et al.*’
[also given in Eq. (1)].

re-solved Xe as a function of the thermal spike energy. The
empirical model from Govers et al. [see Eq. (1)] is superim-
posed for comparison. Evidently, more atoms are re-solved
for larger bubbles, deviating from the universal fit by Govers.
Only the data for the smaller bubbles (radius < 1nm) are
comparable with the results of Govers. The data for the larger
bubbles are significantly larger than predicted by the model.
Given that our simulation setup is the same as in Govers
work, the different results for the larger bubbles are presum-
ably due to the different properties of the interatomic poten-
tials that govern the kinetics and thermodynamics of
disordering and recrystallization in the system. For instance,
because the Morelon potential predicts a higher melting tem-
perature than the Cooper potential used in this study, the area
of the melt within the thermal spike for the re-solution to
occur will be smaller and hence a smaller re-solution. The
effect of a smaller melt area is expected to be more pro-
nounced for a larger bubble since the outer part of the bubble
will be closer to the periphery of the melt where the tempera-
ture is lower than the core of the melt. While this hypothesis
may partly explain why the re-solution obtained by Govers
et al. is smaller than our study as the bubble size increases,
future studies are needed to fully assess the differences in
both potentials including the different Xe-U and Xe-O inter-
actions used in our study compared to Govers et al., which
may affect Xe diffusion within the melt and re-solution.

The effect of gas density on re-solution is studied using
the RO.6 and RO.8 bubbles. Three different densities are
explored ranging from approximately 10 to 21 Xe/nm® (see
Table I for details). For both bubble sizes, more atoms are

J. Appl. Phys. 124, 075107 (2018)

re-solved for higher gas densities. However, the fraction of
re-solved Xe with respect to the number of Xe in the bubble
does not appear to depend on the density as shown in Fig. 3.
The fraction of re-solved Xe is directly related to the proba-
bility of a Xe atom (averaged over the Xe atoms in the bub-
ble) to be re-solved. Therefore, the results suggest that the
re-solution probability does not depend on gas density. For
this reason, the data for different gas densities are simply
averaged for subsequent analyses.

Figure 4(a) shows the overall results for the fraction of
re-solved Xe (y) for various bubble sizes as a function of ther-
mal spike energy. Opposite to the number of re-solved Xe, for
a given thermal spike energy, y is smaller for larger bubbles.
This indicates that Xe in a larger bubble has a lower probabil-
ity to be re-solved. This behavior is expected since a Xe atom
in the interior of a larger bubble has a lower chance to be re-
solved. Analogously, higher thermal spike energies are needed
to fully re-solve larger bubbles. From this observation, an
exponentially saturating function is employed to model re-
solution as a function of the thermal spike energy S, .

Yo = 1— efx(S(,A(,fffSH_,) )

)

where « is the saturation factor that depends on bubble radius
and S, . is the critical energy as previously defined in Eq. (1).
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FIG. 3. Fraction of re-solved Xe due to an on-centered thermal spike as a
function of thermal spike energy for bubbles with radii (a) 0.6nm and (b)
0.8nm. Error bars denote the standard deviations calculated from five
bubbles.
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The subscript in j indicates that this y is due to an on-
centered spike. Furthermore, we assume that S, . is invariant
of the bubble radius; therefore, data for different bubble radii
are fit concurrently. The critical energy is found to be
Sec=9.04keV/nm (or 2.47eV/atom). The saturation factor
is plotted as a function of the bubble radius in Fig. 4(b). A
simple inverse power function appears to adequately
describe the radius dependence of the saturation factor. The
fitting results are presented in Fig. 4 and the on-centered
thermal spike re-solution model becomes

%o =1-— e—04()5(51:1:;]‘—9.04)/R1.47’ )

where S, . is in keV/nm and R in nm.

IV. OFF-CENTERED THERMAL SPIKE

The effect of an off-centered thermal spike is studied by
shifting the axis of the spike away from the centerline of the
bubbles. RO.8N36, R2N562, and R3N2779 bubbles are used
to explore the size dependence of the off-centered effect.
These sizes represent the small, medium, and large bubbles
within the range of sizes used in our simulations.
Preliminary simulations with the R0.8N36 bubbles using
Se.er=10keV/nm show that the re-solution is too limited,
particularly as the off-centered distance is increased, to yield
reliable statistics with five bubbles. Subsequently, S, .4
= 16keV/nm is chosen. This energy corresponds to the esti-
mated thermal spike energy by Govers et al. where disloca-
tion loops and disoriented nanodomains start to form as
previously mentioned. Therefore, 16keV/nm is a reasonable
choice to get significant enough re-solution within the practi-
cal range of thermal spike energies for our purposes.

Figure 5 shows the plots of y as a function of off-
centered distance (r) for different bubble radii. y decreases
nonlinearly with r showing a trend that is reminiscent of a
Gaussian distribution. For all bubble sizes, y becomes practi-
cally zero at a critical off-centered distance 7. = R + Rypjte.
From this observation, the data points are fitted with a gener-
alized Gaussian function with the data points (0, yo) and (7.,
0) used as constraints
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where b and c¢ are the fitting parameters. For r > r., y=0.
The fitted models are shown and summarized in Fig. 5. To
better compare the curves from different bubble radii, we
normalize the data and plot the normalized fraction of re-
solved Xe (y/y0) as a function of normalized off-centered
distance (r/r.) in Fig. 6. The normalized plots appear to fall
into one curve within the standard deviations of the data.
Therefore, to simplify, the normalized data are combined
and fitted with a single curve. The off-centered thermal spike

re-solution model thus becomes

170 = 030907/ )" _ yl[e(r/n) —1le,
n=e /(1= 5)

As in Eq. (4), the model is only defined up to r =r,; hence, it
is understood that for » > r., y =0.

V. RE-SOLUTION RATE

Equations (3) and (5) constitute a model of the fraction
of re-solved Xe (y) from a bubble of radius R as a function
of S, ¢ and r. In turn, S, . decreases as the ionizing fission
product travels through the material. Let us consider a cylin-
drical coordinate system with the origin at the bubble center
and the axial direction x oriented along the fission track. A
fission can occur randomly at any (x, r) coordinate.
Therefore, the re-solution rate can be calculated as a volume
integral of the product between y and fission rate density
(i.e., the number of fissions per volume per second, F)

2 oo oo .
bher = ZJ J yiF 2nrdrdx, (6)

i=1 Jr=0Jx=0

where the subscript in by, indicates that this is a heteroge-
neous re-solution rate. The index i denotes the species of the
fission products, which runs from 1 to 2 corresponding to
two fission products per fission, thereby ignoring the rela-
tively small fraction of ternary fission events. The x depen-
dence of y is embedded in S, .4 since the electronic stopping
power decreases with distance. The current model of the res-
olution rate that is commonly used assumes that any bubbles
within the thermal spike interaction volume are completely
re-solved and the two fission products are of the same
species

FIG. 4. (a) Fraction of re-solved Xe
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FIG. 5. Fraction of re-solved Xe due to an off-centered thermal spike as a function of the off-centered distance obtained using a 16-keV/nm thermal spike.

Error bars denote the standard deviations from five bubbles. Data are fitted using y = y e

—yile" — 1]e7", where y; = y,e ") /(1 — ¢") and yq is 0.45,

0.12, and 0.04 for RO.8N36, R2N562, and R3N2779 bubbles, respectively, and r. = R + Rgpjr.. The fitted values are b =0.09 and ¢ =2.41 (R0.8N36), b =0.14

and ¢ = 1.80 (R2N562), and b =0.16 and ¢ = 1.50 (R3N2779).

bhet = 2F 2 i, )
where r. = R + Rgpjr. and p is the stopping range of the fis-
sion products. Using Eqs. (3), (5), and (6), an updated model
can be constructed. By recognizing that the r and x depen-
dencies of y in Eq. (6) are separable through Eq. (5) for r and
Eq. (3) for x, Eq. (6) can now be written as

L) 2nrdr J %0,:dx. ®)
=0

2 0
bher = F J
' ; r=0 (XO,[’ x=

Using Eq. (5), the r integration can be readily calculated as

J X 2nrdr ~ ().2571)”3_7
r=0 \ X0,i

and the overall model becomes
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FIG. 6. Normalized fraction of re-solved Xe (y/yo) as a function of normal-
ized off-centered distance (r/r.) where r. = R + Rgpjt.. Data are obtained
with S, .= 16 keV/nm. Error bars denote the standard deviations from five
bubbles. The fit curve is y/yo = e ?0/7)" —y[el/) —1]e7!, where
yi=e /(1 —e "), withh=3.09 and c = 1.76.

. 2 Hei 1
Brer = 025”3 a2 Z J [1 _ 0:05(Segi—9.04)/R ‘47]dx, (10)
x=0

i=1
where S, .5, 1s the effective electronic stopping power of fis-
sion product-i and where the upper limit of the integration
has been replaced with the critical range of fission product-i
(tte,;) at which S, . ; (at x = u.;) =9.04 keV/nm since there
is no re-solution beyond .. ;.

To evaluate the re-solution rate model for a given R and
F, we need to know the fission product (FP) yields and the
kinetic energy distribution of the fission products. Fission
product yields depend on the fissioning nuclide and the
energy of the neutron causing the fission. Here, we evaluate
the model for fission from %5 U due to thermal neutrons (neu-
tron energy = 0.0253 V), which is applicable for light-water
reactors (LWRs). An independent fission product yield
(iFPY) denotes the distribution of fission products produced
directly from the fission prior to any radioactive decay.
Many fission products are short-lived and form large decay
chains of radio-nuclides. Fission products are neutron-rich
and typically decay along an isobar by f~ emission. A cumu-
lative fission product yield (cFPY) denotes the distribution
of fission products at the end of the decay chains. Therefore,
cFPY is linked to the iFPY through the decay schemes.
cFPY can be readily counted experimentally. On the other
hand, iFPY is calculated using semi-empirical models®®®’
that are fitted to give sums over fission product decay chains
that are consistent with the measured values for cFPY.

Evidently, the distribution of fission products continu-
ously changes throughout the decay chains. To determine
which yield (iFPY or cFPY) is more appropriate for evaluat-
ing the re-solution rate, we take insights from the following.
The cumulative yields are produced by decays with a half-life
of 7y > 1 ms.”® In a binary fission (producing a pair of light
and heavy FPs, e.g., Kr and Ba), the total kinetic energy is dis-
tributed between the FPs according to their inverse masses
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(due to conservation of total momentum); hence, the light FP
exhibits a higher stopping power (more contribution to the re-
solution). Consider a typical light FP of Kr-90 with a kinetic
energy of 101.5MeV (will be shown later). Such an isotope
has an initial relativistic speed of 0.05¢ (c is the speed of
light) = 1.5 x 10" m/s. As will be shown later, the range of
this isotope is about 8 um. Even though the slowing down is
non-linear, the isotope would stop well before the half-life.
Therefore, iFPY is more appropriate for our purpose.

The iFPY from the JEFF-3.3"7"7* and ENDF/B-VI"%
databases is considered. Note that the fission yields for
U-235 in the current ENDF/B-VIILO are still the same as in
version VI, which is based on the seminal work of England
and Rider in 1993.%° The databases contain detailed iFPY for
each atomic mass (A), charge (atomic number Z), and iso-
meric state. Typically, for a given Z, the yield distribution is
centered around the most probable isotope (isotope with the
highest yield). Therefore, to simplify the calculation of S, .4
of various fission products, the total iFPY (sum over iso-
topes) is taken for each element and the mass of the most
probable isotope is taken as the atomic mass.

Figure 7 shows the iFPYs as a function of Z obtained
from both databases. Note that the sum of iFPY over all ele-
ments in Fig. 7 is 2 corresponding to two fission products per
fission. The iFPY plot from the JEFF database is symmetric
(the yields of the light FPs are the same as those of their
corresponding heavy FPs), while the plot from the ENDF
database is not. For binary fissions, a symmetric iFPY is
expected. Analysis of why the iFPY from ENDF is not sym-
metric is beyond the scope of this paper. Subsequently, we
take the iFPY from the JEFF database in which the iFPY for
U-235 is also more recently evaluated (updated) than ENDF.
Nevertheless, the discrepancies between the two iFPYs are
very small and either iFPY would result in practically the
same re-solution rate. Most of the iFPY distribution is con-
tained within 18 elements as labelled in Fig. 7. The sum of
the iFPY of these 18 elements is 1.96 (JEFF) and 1.95
(ENDF). These are the elements that are considered in the
evaluation of the re-solution rate.

As previously mentioned, for each element, the mass of
the most probable isotope is taken as the atomic mass. Using
this mass, the kinetic energy for each element is obtained
from the experimental data of kinetic energy as a function of
fission product mass taken from Ref. 73 as compiled in the
EXFOR database (dataset 23014005).”* Table 1l summarizes
the list of these isotopes and their corresponding kinetic
energies. Subsequently, ion irradiations are simulated using
the SRIM code” to obtain the electronic stopping power
decay as a function of distance of these isotopes in UO,. For
each isotope, 1000 simulations are performed for averaging.
Figure 8 shows plots of the total electronic stopping power
(S,) as a function of distance obtained from the SRIM simu-
lations along with the fit curves.

Knowing the fission yields, the re-solution rate model
[Eq. (10)] becomes

bper = 0.25711’315 Zy,- J

et 1 _efo.os((sc,,v79,o4)/R1'47]dx’ 11
x=0
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FIG. 7. Independent fission product yield summed over isotopes as a func-
tion of atomic number from the fission of U-235 with 0.0253-eV neutrons,
as plotted from the (a) JEFF-3.3 [1, 71, 72] database and (b) ENDE/B-VI'%®
database.

where y; is the iFPY of fission product-i and the sum is over
all fission products. Note that the effective electronic stop-
ping power in Eq. (11) has been explicitly expressed as {S,.
Using iFPY shown in Fig. 7 and S, as a function of x shown
in Fig. 8, we evaluate by, for several values of { from 0.5 to
0.9. Figure 9 shows the re-solution rate as a function of Xe
bubble radius for a typical fission rate density of 10~*/nm”s.
Govers et al. estimated { from 0.73 to 0.89 based on the
onset thermal spike energy (16 keV/nm) for the formation of
dislocation loops. The 0.73 value is obtained if the loops are

TABLE II. List of the most probable isotopes of the 18 light and heavy fis-
sion products (FPs) with the largest total independent fission yields from the
fission of U-235 with 0.0253-eV neutrons obtained from the JEFF-3.3 data-
base.'””"7* The kinetic energy (KE) is obtained from EXFOR database
(dataset 23014005).”"*

Light FP KE (MeV) Heavy FP KE (MeV)
5¢Se 101.3 1#8Ce 60.2
8Br 101.2 14La 62.6
J0Kr 101.5 1¥Ba 64.8
2Rb 101.2 14cs 68.2
SeSr 101.1 1¥Xe 71.9
' 101.3 131 74.6
107r 1014 13Te 715
12Nb 101.8 13Sb 78.8
%Mo 101.2 130Sn 81.5
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FIG. 8. Total electronic stopping power (S,) of various fission products in UO, calculated with the SRIM code as a function of distance traveled by the fission
products measured from the location of the fission reactions that produce these fission products. Each panel contains each pair of light and heavy fission products
produced in a binary fission reaction. The fit curves are as follows (y denoting S, in keV/nm and x denoting distance traveled in um): Se: y=14.09
exp(—0.000192x**8") + 4.54 exp(—0.1875x"%"), Ce: y =7.69 exp(—0.004155x>**!) + 8.49 exp(—0.2045x"7%%); Br: y=12.97 exp(—0.000346x*'*) 4 6.05
exp(—0.1505x"%%1), La: y = 4.84 exp(—0.000236x*"*") + 11.76 exp(—0.1285x"5%7); Kr: y = 17.32 exp(—0.002529x>>%) + 2.32 exp(—0.3537x"**?), Ba: y = 6.64
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= 14.39 exp(—0.000350x*2°%) + 5.52 exp(—0.2355x" "), I y=11.08 exp(—0.017360x* 5*2) +8.94exp(—0.2472x""%); Zr: y=13.25 exp(—0.000188x***?)
+ 5.76 exp(—0.2274x"1%), Te: y = 13.21 exp(—0.008047x>°"%) 4 5.49 exp(—0.3396x">7%); Nb: y = 15.55 exp(—0.002155x**) + 4.52 exp(—0.2900x'*"*), Sb:
y=13.80 exp(70.008101x2'959) + 500 exp(—0.3864x'7%%); and Mo: y=15.72 exp(—0.001096x>77%) 4538 exp(—0.3189x'*%), Sn: y=5.34
exp(—0.382600x" %) 4 13.81 exp(—0.0055x>'%?).

formed by the thermal spike of the light FPs, while the 0.89 1.5, 2, 3, and 4nm, respectively. The rate is practically
value is from the heavy FPs. Experimental measurements are 0.5x 10*s for R>4.5nm. Turnbull,*® Veshchunov,”®"’
needed to discern which FPs are responsible for the loop for- and Losonen®’ developed various models of bubble evolu-
mation, which to our knowledge are currently absent. In the tion and compared the bubble distribution to experimental
meantime, the 0.73 value represents a conservative estimate data to empirically fit the re-solution rate in their models.
since light FPs exhibit higher stopping power and hence are Turnbull estimated an empirical value between 0.26 and

more likely to form the dislocation loops than the heavy FPs. 1.2 x 10*/s for bubble radius of about 5nm. Veshchunov
Therefore, the curve for { =0.73 is considered and compared obtained an upper limit of re-solution rate of 3.2 x 10~*/s for
with published re-solution rates. 0.5-0.6 nm radius bubbles, in excellent agreement with our

As evident from Fig. 9, the re-solution rate with { =0.73 model. Losonen estimated a value of 2 to 4 x 10™/s (inde-
varies as a function of bubble radius from 3.7, 2.5, 1.9, 1.3, pendent of bubble radius). These empirical values are fairly
1.0, 0.8, and 0.7 x 10~*/s for bubble radius of 0.5, 0.75, 1, consistent with our model with {=0.73. Turnbull’s lower
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FIG. 9. Evaluated Xe re-solution rates as a function Xe bubble radius for
several values of the ratio between the thermal spike energy and the total
electronic stopping power ({ = S qy/S.) for fission rate density of 107%
nm?s. Plots are ordered with the topmost curve corresponding to the largest
(. Data points are the evaluated values obtained by numerically integrating
Eq. (11). Smooth curves are fit curves given in Table III.

limit of 0.26 x 10~*/s for R =5 nm suggests that { > 0.6. On
the other hand, Veshchunov’s upper limit of 3.2 x 10™/s for
0.5-0.6nm radius bubbles suggests { < 0.8. Therefore,
{=0.73 is a reasonable value for our model.

V1. CONCLUSIONS

Analyses based on a systematic set of MD thermal spike
simulations reveal trends in the re-solution probability as a
function of bubble radius (R), thermal spike energy ({S.,),
and off-centered distance () between the thermal spike axis
and the bubble center. The trends allow construction of a
new re-solution rate model to be parametrized in terms of
these variables. The off-centered effect is shown to decrease
the re-solution by a factor of 0.25 (averaged over the circular
cross-section of the thermal spike). The dependence on the

TABLE III. The evaluated Xe re-solution rates for fission rate density of
10%/mm*s as plotted in Fig. 9 are fit with y(x) = a; exp(—bix) + (y(0)
—ay)/(1 + cx?) exp(—bax?), where x is the Xe bubble radius (nm) and y
is the re-solution rate. y(0) denotes the asymptotic value at x =0.

¢ yO0)(107%s)  a; (10%s) by (I/nm) by (I/nm) ¢ (1/nm?)
0.90 11.0851 1.5052 0.0362 0.0203 3.4123
0.85 10.6297 1.3479 0.0438 0.0241 42214
0.80 10.1521 1.1986 0.0546 0.0299 5.4612
0.73 9.1816 0.949 0.0703 0.0371 7.982
0.70 8.6745 0.8401 0.0792 0.0407 9.6585
0.65 7.6984 0.6721 0.1028 0.0526 14.272
0.60 6.3925 0.5025 0.1411 0.0727 23.1967
0.55 4.6175 0.3433 0.2284 0.1276 45.6624
0.50 23061 0.2786 1.1008 1.605 150.6689
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thermal spike energy shows that no-resolution occurs for { S,
< 9.04 keV/nm. Evaluation of the re-solution rate model has
been presented using a distribution of U-235 fission products
due to thermal neutrons. The decay of the total electronic
stopping power (S,) for each fission product over distance is
simulated and taken into account. For a typical fission rate
density of 10*/nm?/s, the re-solution rate is then calculated
as a function of R for several values of {. Comparison with
published empirical values suggests that { =0.73 is a reason-
able choice. Using this value, all empirically fit rates are con-
sistent with the model developed here. The results also
support the notion that a thermal spike is the rate-controlling
process for Xe gas bubble re-solution in UO,>* as opposed to
collision cascades.
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