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 A B S T R A C T

The diffusion of two volatile fission products, xenon (Xe) and krypton (Kr), in zirconia (ZrO2) is investigated. 
Samples of Yttria (Y2O3)-stabilised tetragonal ZrO2 were implanted with either Xe or Kr, at 300 keV, with a 
fluence of 1017 at./cm2, and subsequently analysed with time-of-flight elastic recoil detection analysis (ToF-
ERDA) to obtain elemental composition depth profiles. Samples were then annealed at 1200 ◦C for 9 h, and 
the effect of the annealing was assessed by ToF-ERDA measurements. From these measurements, first-order 
approximations of diffusion coefficients for Xe and Kr in ZrO2 were derived, using a model based on Fick’s 
second law, these being (1.36 ± 0.87) × 10−19 m2/s and (2.94 ± 1.96) × 10−19 m2/s at 1200 ◦C for Kr and Xe 
respectively. It was shown that ToF-ERDA can provide data to analyse the diffusion of elements in solid sample 
matrices and that a model based on Fick’s Law can predict the diffusion of the implanted ions.
1. Introduction

The diffusion of gaseous fission products such as Xe and Kr, in 
nuclear fuel, has significant impact on reactor performance and safety 
parameters, due to high fission-yields, high neutron absorption cross-
sections [1] and the potential to create pressure build-up within the fuel 
cladding [2,3]. The study of the diffusion behaviour of noble gaseous 
species is, however, an experimental challenge, due to difficulties in 
incorporating gaseous species in the fuel matrix as well as in access-
ing techniques which can monitor gas concentrations and diffusion 
on ultrashort-length scales  [4,5]. In the majority of cases, diffusion 
parameters are derived from irradiated materials [6], either through 
measurements in the plenum, or by exposure in materials test reac-
tors and post-irradiation examination facilities. Traditional measure-
ment methods include: Thermal-Desorption Spectrometry (TDS) [7], 
although this may only measure induced gas release during annealing; 
and Secondary Ion Mass Spectrometry (SIMS) [8] which, despite pro-
viding elemental depth profiles, is a destructive technique and limited 
largely to qualitative analysis. Although effective, the use of irradiated 
materials requires significant infrastructure and resources to operate, 
and thus limits sample throughput.

The behaviour and diffusion of gaseous fission products are com-
plex, and studies are numerous [7,9–12]. Due to the existence of 
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mechanisms such as burst release [12] and gas-atom trapping along 
the diffusion path [7], parameters such as radiation damage, gas atom 
drift [11] and lattice structure must be considered, alongside thermal 
diffusion. It has been suggested that gas-atoms drift along dislocations 
in fuel, causing an increase in the diffusion of gaseous fission products 
towards the surface [11]. Furthermore, radiation damage can increase 
the trapping of gas atoms in fuel matrix defects, and cause further 
reduction of concentration when the trapped atoms are released [7]. 
Finally, heat treatment of fuel with implanted atoms can cause burst-
release [7], in which a fraction of the implanted element rapidly 
diffuses to the surface as annealing is started, and is released from the 
fuel matrix [12]. As gaseous fission products usually have low solubility 
in nuclear fuel, they also have the tendency to form gas bubbles, 
which diffuse differently compared to individual gas atoms [9,10]. 
This multitude of possible mechanisms, both thermal and athermal, 
makes modelling the diffusion of volatile fission products extremely 
challenging [13]. Some studies have evaluated the modelling of fis-
sion product diffusion using Fick’s law [7,11], proposing to modify 
Fick’s second law to account for radiation damage, gas release and 
lattice structure. In the present work, a similar but somewhat simpler 
model was employed, although unlike previous studies was based on 
measurements of elemental depth-profiles, rather than simulated data.
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Generation-IV nuclear reactors may use fuels other than uranium 
dioxide (UO2) [14,15], with one possible alternative being thorium 
dicarbide (ThC2) [16]. ThC2 is most stable in a monoclinic or tetragonal 
structure [17], but will exist in a purely tetragonal state at reactor op-
erating temperatures between 1430 ◦C–1480 ◦C [18], with a calculated 
thermal conductivity of 5W/mK at room temperature [19–22]. Yttria 
(Y2O3)-stabilised tetragonal zirconia (ZrO2) represents a surrogate ma-
terial for ThC2, as both show similar crystal structures and thermal 
conductivities. Tetragonal zirconia thus makes a good candidate for 
studying the diffusion of volatile fission products, such and Xe and Kr, 
in this advanced reactor fuel type. Additionally, the diffusion of volatile 
elements in ZrO2 is of interest, in the more general context of reactor 
operation, as many nuclear reactors utilise Zr in the cladding tubes 
which oxidise during operation [23]. ZrO2 has also been utilised in a 
composite with UO2 as seed fuel in the second core of the Shippingport 
Reactor [24].

Presented here is an extension of previous work [25], combining 
medium-energy ion implantation with time-of-flight elastic recoil de-
tection analysis (ToF-ERDA), to investigate the diffusion of volatile el-
ements in high-density sample matrices. ZrO2 samples were implanted 
with Kr and Xe, and the depth-dependent concentrations of these 
elements measured before the samples were annealed and the depth-
dependent concentrations were measured again. A model employing 
Fick’s second law and a sink term, was then fitted to the experimentally 
measured Xe and Kr depth profiles, to obtain values for the diffusion 
coefficients at the annealing temperature. This work contributes to-
wards providing benchmarking data for the validation of short-length 
scale atomistic models, such as those built upon the use of density 
functional theory [26,27] and semi-empirical potential driven molecu-
lar dynamics, which in turn contribute significantly to the Accelerated 
Fuel Qualification initiative [28]. The technique described here has 
the potential to significantly reduce the cost and timescale of new fuel 
qualification when compared to traditional methods.

2. Method

2.1. Overview

The experimental methodology used in the present study, a
schematic illustration of which is presented in Fig.  1, follows that pre-
viously applied to the study of Kr diffusion in UO2 and ADOPT® [25]. 
Elements of interest are introduced into the near surface of samples 
through ion implantation, with energies typically in the range of 
several keV/amu. ToF-ERDA is then used to assess the depth-dependent 
concentration profiles of the implanted elements. By annealing the 
samples for a suitable duration, at a suitable temperature, and then 
re-measuring concentration depth profiles for the elements of interest, 
information on the diffusion of these elements can be obtained.

2.2. Samples

Samples used in the present study were formed from DeCore®Solid 
A1 ZrO2, stabilised in the tetragonal phase with 3 mol% Y2O3. Samples 
were cuboid in shape, with approximate dimensions of 5 mm by 5 mm 
by 20 mm. The two smaller faces of each sample were roughly cut, 
with the remaining four faces of each were ground and polished prior 
to delivery by the manufacturer. An image of one of the samples, after 
being subject to the process described in Section 2.1, is presented in 
Fig.  2.

Each sample was weighed in both air and chloroform and
Archimedes’ principle was applied, yielding a density of 6.005 g/cm3

for the material, which corresponds to 99% theoretical density [29]. 
The lattice parameters were measured using X-ray diffraction and 
showed a tetragonal structure with a=b=  3.6014 ± 0.0003Å  and c=
5.1717 ± 0.0005Å.
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2.3. Ion implantation

Ion implantations were performed using the 350 kV high-current 
Danfysik 1090 accelerator platform at the Tandem Laboratory, Uppsala 
University [30]. One sample was implanted with 84Kr, and another with 
129Xe; in both cases, the energy of the implanted ions was 300 keV, 
the incident angle of the ions 0◦ and the total fluence 1017 at./cm2. 
During implantation, the maximum sample temperatures of Kr and Xe 
were 103 ◦C and 142 ◦C, respectively, with an average current of 
1.5 μA cm−2 and 1.75 μA cm−2, respectively. The high implantation 
fluence was chosen for two reasons: firstly, to ensure that a sufficient 
quantity of Xe and Kr would be retained in the respective samples post-
annealing, to be easily measured by ToF-ERDA; secondly, to replicate 
the high radiation damage present under high burnup conditions. It 
is important to note that the peak concentrations of Xe and Kr that 
resulted from using such high implantation fluence, were not themself 
representative of typical fission gas concentrations; nor was this the 
intention in this study. During both implantations, one half of each 
sample was masked using 50 μm Al foil, to preserve an unimple-
mented surface area on which reference measurements could later 
be performed. The implantations were simulated using 1DSDTrimSP 
version 6.09 [31,32], in dynamic mode, to obtain implanted-element 
profiles, sample-matrix damage profiles and sample-surface removal.

2.4. Elemental depth-profiling

ToF-ERDA measurements were conducted using the 5MV NEC-
5SDH-2 tandem accelerator at Uppsala University. The ToF-ERDA mea-
surement system consists of a time-of-flight telescope, followed by a 
gas-ionisation chamber, so that both the energy and time-of-flight of 
recoiled particles are recorded in coincidence. For all measurements, 
a primary-ion beam of 197Au+8 was used, with an energy of 40 MeV, 
incident at an angle of 67.5◦to the sample surface-normal. The recoil-
detection angle was set at 45◦ relative to the path of the primary-ion 
beam.

2.5. Thermal annealing

Samples were annealed at 1200 ◦C, for 9h, in Ar atmosphere, using 
a Micro TF-6 high-temperature vertical furnace. The temperature was 
chosen as the highest that the furnace could stably maintain. The 
annealing time was chosen by applying literature values [33] for the 
diffusion pre-factor and activation energy for Xe and Kr in UO2, at the 
chosen temperature, to the diffusion model presented in Section 2.6, 
and targeting a reduction of the peak concentrations of Xe and Kr by 
approximately 50%.

2.6. Diffusion model

The model used in the present work was based on Fick’s second 
law [34], modified with a sink term, and the diffusion coefficient 
defined according to the well-known Arrhenius equation [35]. This 
model can be expressed in partial differential form as: 
𝜕𝐶(𝑥, 𝑡)

𝜕𝑡
= 𝐷(𝑇 )

𝜕2𝐶(𝑥, 𝑡)
𝜕𝑥2

− 𝜆𝐶(𝑥, 𝑡), (1)

where 𝐶(𝑥, 𝑡) is the concentration of the diffusant in at.%, 𝜆 is the sink 
strength in units of s−1 and the diffusion coefficient 

𝐷(𝑇 ) = 𝐷0 exp
(

−
𝐸a
𝑘𝑇

)

, (2)

is in units of m2/s, with 𝐷0 being the pre-factor in m2/s, 𝐸a the 
activation energy of diffusion in eV, 𝑘 the Boltzmann constant in eV/K 
and 𝑇  the temperature in K. The model was solved numerically with 
Euler forward in the time domain and central difference in the space 
domain, with boundary conditions chosen to be: 
𝜕𝐶(𝑥, 𝑡)

= 0,  at 𝑥 = 0, (3)

𝜕𝑥
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Fig. 1. A schematic depiction of the key steps employed in the present study: (1) The sample is subject to ion implantation, (2) the sample is analysed with ToF-ERDA to obtain 
depth-dependent concentration profile of the implanted elements, and (3) thermal annealing of the sample performed to induce migration of the implanted elements. Subsequently, 
analysis with ToF-ERDA is repeated to assess the effects of the annealing.
Fig. 2. ZrO2 sample, following the implantation of Kr, annealing and ToF-ERDA 
measurements. Discolouration of the region subject to ion implantation can be seen, as 
can darkening of the areas on which Tof-ERDA was performed.

and 
𝐶(𝑥, 𝑡) = 0,  at 𝑥 = 𝐿, (4)

where 𝐿 is the length of the domain in nm. These boundary conditions 
dictate that the diffusant: can freely leave the surface of the sample; 
and will reach a concentration of zero at the end of the domain.

2.7. Determination of 𝜆, 𝐷0 and 𝐸a

First-order estimates of 𝜆, 𝐷0 and 𝐸a were obtained for the measured 
depth-dependent concentrations of Xe and Kr. This was performed 
by minimising the sum of the squared residuals (SSR) between the 
measured post-anneal concentration profiles for each element, and 
the predicted concentration profiles given by the model described in 
Section 2.6. The initial condition for the minimisation was set to be 
the respective depth-dependent elemental distribution of Xe or Kr, 
obtained from ToF-ERDA measurements pre-annealing. 𝐿 was set to 
600 nm in both cases, exceeding the greatest measurable extent of the 
implantation profiles by a factor of two. The initial values of 𝐸a and 
𝐷0 were chosen to be to those found in [33]. The initial value of 𝜆 was 
set to 2.5 × 10−5 s−1, this corresponding to the ∼85% outgassing of the 
diffusant observed via measurement (see Section 3). The minimisation 
algorithm used was the Nelder–Mead [36,37] method, of the python
Scipy library.

Since minimisation algorithms such as the Nelder–Mead method are 
prone to converge on local minima of the object function, and can 
be sensitive to the choice of starting parameters, an adaption of the 
bootstrapping method [38] was implemented to further optimise the 
3 
values of 𝐷0, 𝐸a and 𝜆 obtained. The process scheme for this approach, 
which also provides uncertainty estimates on the derived coefficient 
values, is presented in Fig.  3. Following an initial minimisation using 
the starting values of 𝐷0, 𝐸a and 𝜆 previously stated, the minimisation 
was rerun 1000 times, but with starting values set to those obtained 
from the initial minimisation. For each run of the minimisation routine, 
normally distributed random-noise was added to each bin in the depth-
dependent concentrations of Xe and Kr, post-anneal. The width of 
the sampled noise distribution was set independently for each bin, 
corresponding to the 1𝜎 uncertainty. Subsequently, 𝐸a and 𝜆 were re-
fitted while keeping 𝐷0 fixed. D0 was kept fixed as only one data point, 
(D,T), is known, and Eq.  (2) has two variables causing the system to be 
underdetermined. Fixing 𝐷0 reduces the infinite solution space to one 
solution, which will be further evaluated in Section 4. The process of 
adding normally distributed noise to the concentrations of Xe and Kr, 
and re-fitting 𝐸a and 𝜆 was repeated 1000 times while recording the 
values of 𝐸a and 𝜆 each iteration; from which the mean and standard 
deviation were calculated. The mean of each parameter was taken as 
the fitted value with uncertainties equal to the standard deviation.

In Section 3, two predictions of the depth-dependent concentrations 
of Xe and Kr are presented: the first uses values of 𝐷0 and 𝐸0 obtained 
from the literature [33] along with 𝜆 set to 2.5 × 10−5 s−1; the 
second employs the optimised parameters derived as described in this 
section. The first prediction of depth-dependant concentrations will 
be referred to as ‘‘Model:Initial’’, while the prediction employing the 
optimised parameters will be referred to as ‘‘Model:Optimised’’. The 
two predictions of the depth-dependent concentrations of Xe and Kr 
are shown to highlight the effectiveness of the optimisation.

3. Results

3.1. Elemental depth profiling measurements

Evaluation of the ToF-ERDA data was performed using the Potku 
software package [39]. A representative time-of-flight–energy coinci-
dence plot obtained from the Kr implanted ZrO2 sample is shown in 
Fig.  4(a), in which the high-energy, and short time-of-flight end of 
each track, represents recoil atoms originating from near the sample 
surface. Lower energies and longer flight times correspond to recoiled 
atoms originating from deeper within the sample. Evaluated elemental 
depth-profiles for the Kr and Xe implanted samples are shown in Fig. 
4(b) and (c), respectively.

The expected signal tracks of O, Kr, Zr, Xe and Hf are observed in 
Fig.  4, in addition to scattered Au atoms from the primary-ion beam. 
Weak signals from Al can also be observed in Fig.  4, and although 
not shown in the figure, Cr signals were also in the measurement 
data. These signals were attributed to the halo of the primary-ion 
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Fig. 3. The process scheme used to optimise and estimate uncertainties in 𝐷0, 𝐸a and 𝜆. 
The parameters are initialised to a starting guess, and the SSR is minimised between the 
depth-dependant concentrations post anneal, and the model prediction. 𝐷0, 𝐸0 and 𝜆 is 
then re-initialised to the optimised values and a normally distributed noise is added to 
the depth-dependant concentrations. Subsequently, 𝐸0 and 𝜆 is re-fitted, while keeping 
𝐷0 fixed, iterating 1000 times. From each iteration, 𝐸0 and 𝜆 is recorded from which 
the mean and standard deviations are calculated. The mean and standard deviations 
of the parameters are utilised as the fitted values.

beam recoiling these elements from the sample holder. Al, Cr and Au 
are thus not regarded as present in the samples, and are therefore 
not included in the data evaluation procedure. Measured C, seen in 
Fig.  4, and not so readily observed N, appear in concentrations on 
the order of 0.5 at.%, these originating from the sample fabrication 
process. Hf is naturally co-occurring with Zr. The measured Hf:Zr ratios 
of (1.4 ± 0.7)% and (1.2 ± 0.7)% obtained from the evaluated data 
presented in Fig.  4(f) & (g), respectively, are consistent with expected 
values. Y, present as a stabilising dopant, could not be distinguished 
from Zr due to the similarity of these elements in atomic mass. The 
concentration of Y is therefore added to the Zr concentration in the 
evaluation procedure but, since this addition is consistent across all 
4 
measurements, it does not influence the relative quantification of other 
elements.

As illustrated in Fig.  4, it was necessary to remove contributions 
to Kr-concentration depth-profiles that originated from Zr. This back-
ground subtraction was performed by evaluating the cut region for 
Kr in measurement data from the unimplanted side of the sample. 
This background profile was then normalised, depth-bin by depth-
bin, to the ratio of the true Zr singles recorded from the implanted 
and unimplanted side of the sample. To avoid introducing statistical 
fluctuations, from the spares counts contributing to the background 
profile, a centred moving-average filter was applied to both the profile 
itself, and the profile of ratios used to normalise it. To be effec-
tive, this filter was designed with two key features: firstly, that it 
preserved the area of the profiles it was applied to; and secondly, 
that its application was modulated according to an error function 
about zero-depth, so as not to distort the surface edge of the dis-
tributions. The impact of this background correction was significant, 
shifting the mean depth of the evaluated Kr-concentration profiles 
from (1092 ± 29) to (869 ± 45)  ×1015 at./cm2 for the pre-anneal 
measurement, and from (1463 ± 9) to (1133 ± 150)  ×1015 at./cm2

for the post-anneal measurement. In terms of the evaluated areal den-
sities for implanted Kr, background subtraction reduced values from 
(9.9 ± 0.4) to (5.7 ± 0.4)  ×1016 at./cm2 pre-annealing, and (3.8 ± 0.2) 
to (1.2 ± 0.2)  × 1016 at./cm2 post-annealing.

As the primary-ion beam used for ToF-ERDA can cause local heating 
of the surface area of the sample measured, outgassing of volatile 
species is possible. To evaluate the possibility of outgassing caused 
by such local heating, time stamps of the measurement data were 
used to compare the rates at which Xe and Kr signals were registered, 
relative to the rate of registered Zr signals, over the course of each 
measurement. No statistically significant shift in the relative signal 
rates could be observed in these evaluations and, as such, outgassing 
induced during measurements is considered negligible.

Uncertainties presented, on all measured concentrations, were de-
rived from the counting statistics which contribute to the unnormalised 
result in each depth bin. These raw-result uncertainties were then 
propagated through the normalisation required to convert result values 
to at.%. In the case of concentration profiles which were background 
subtracted, uncertainties were additionally propagated through from 
the reference sample concentration profiles.

3.2. SDTrimSP simulations

Simulations employing SDTrimSP were performed with Xe and 
Kr in ZrO2, to estimate the range distribution, damage distribution, 
sputtered ions and areal density. Coefficients for diffusion and out-
gassing were adjusted to match the simulated Kr- and Xe-concentration 
depth-profiles to those obtained from the pre-anneal ToF-ERDA mea-
surements, as presented in Fig.  5, with simulated damage profiles 
overlid. Simulation results showed that ∼20 nm of the sample surface 
was removed in the case of Kr implantation, and ∼60 nm in the case 
of Xe implantation. Table  1 presents key values extracted from the 
SDTrimSP simulations, alongside the mean range and areal density 
obtained from the ToF-ERDA measurements. The mean range and 
areal density obtained from Model:Initial and Model:Optimised are also 
shown to allow for comparison.

A comparison between the SDTrimSP simulation results and the 
experimental ToF-ERDA measurements shows good agreement. The 
predicted mean implantation ranges are within 200  ×1015 at./cm2 of 
the measured value, and the calculated areal density for Kr is within the 
uncertainty of the measurement while Xe is 0.5 × 1016 at./cm2 smaller. 
It was also found that the peak damage implanted for Xe is about 1800, 
and the peak damage for Kr is about 1400. The mean damage was for 
Xe was found to be greater than Kr by a factor of 2. The measured 
implanted areal density was calculated by bin-wise integration of the 
measured elemental depth profile. In Fig.  5, the background-subtracted 
profile for Kr is shown.
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Fig. 4. ToF-ERDA results for the pre-annealed samples, illustrating the analysis methodology applied. (a) Time-of-flight–energy coincidence plot obtained from the analysis of 
unimplanted ZrO2, with the virtual sample-surface indicated by the dashed line; one track can be seen for each element in the sample, as well as one track for Au, which results 
from scattering of the primary-ion beam. (b) Expansion of the area marked by the dotted squares in (a), with data cuts used for the evaluation of Kr-, Zr- and Xe-concentrations 
overlaid; it can be seen that signals from Zr fall within the cut region for Kr, but that the cut region for Xe is free from any such background. (c) and (d) The same region of 
the histogram shown (b), but for data collected from Kr- and Xe-implanted samples respectively. (e) Background subtraction performed on raw evaluation results for Kr, in which 
the background profile is generated from Zr signals which fall within the cut region for Kr in the unimplanted sample. (f) and (g) Evaluated elemental depth-profiles for Kr- and 
Xe-implanted ZrO2 respectively, with the mean of each implanted depth-distribution indicated by the dashed lines; the depth profile for Kr is the background subtracted distribution 
shown in (e), following normalisation; no background subtraction was necessary to correct the measured Xe depth distribution, and as such the elemental depth profiles shown in 
(g) result from a direct evaluation of the data presented in (c).
Table 1
The key elements extracted from the SDTrimSP simulations showing the sputtered depth, mean damage in displacements per 
atom (dpa) as predicted by SDTrimSP, mean range as predicted by SDTrimSP and as measured by ToF-ERDA, and the areal 
densities calculated with SDTrimSP and measured by ToF-ERDA. Background was removed from the measurement before the 
calculation of areal density.
 Quantity Unit Source ZrO2 + Xe ZrO2 + Kr 
 Sputtered depth nm SDTrimSP 56.9 18.5  
 Mean damage dpa SDTrimSP 403 196  
 SDTrimSP 702 920  
 ToF-ERDA pre-anneal 537 ± 30 869 ± 46  
 Mean range 1015 at./cm2 ToF-ERDA post-anneal 740 ± 71 1133 ± 150 
 Model:Initial 928 1214  
 Model:Optimised 922 1217  
 SDTrimSP 3.1 5.6  
 ToF-ERDA pre-anneal 3.8 ± 0.2 5.7 ± 0.4  
 Areal density 1016 at./cm2 ToF-ERDA post-anneal 0.7 ± 0.1 1.2 ± 0.2  
 Model:Initial 1.56 2.34  
 Model:Optimised 0.68 0.97  
5 
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Fig. 5. The depth depended concentration- and damage-profiles, as produced from 
SDTrimSP simulations, of the implantation of (a) Kr and (b) Xe in ZrO2. The respective 
depth- dependent concentration-profiles obtained by ToF-ERDA are also shown for 
comparison. In the case of the Kr simulation, values used for diffusion coefficients 
1 and 2 were 8 × 1016 and 50, respectively; where as in the case of the Xe simulation 
values used were 1 × 1016 and 200.

3.3. Extracting diffusion coefficients

Fig.  6 presents the measured depth-dependent concentrations of 
the diffusants, pre- and post-annealing, alongside the corresponding 
predictions derived from the model described in Section 2.6. The 
depth scale was converted from at./cm2 to nm re-scaling each bin 
by the number density at the given depth. The number density as a 
function of depth was interpolated from SDTrimSP simulations. Two 
sets of predictions are shown in Fig.  6: one using values of 𝐷0 and 
𝐸a, obtained from the literature [33] and 𝜆 equal to 2.5 × 10−5 s−1, 
referred to as Model:Initial; the other using optimised parameters of 
𝐸a, 𝐷0 and 𝜆, referred to as Model:Optimised. The parameters em-
ployed in Model:Initial and Model:Optimised is shown in Table  2. 
The outgassing of implanted ions during annealing was calculated 
from the areal densities of the ToF-ERDA measurement, pre- and post-
annealing, and was found to be (85 ± 7)% of the Kr and (83 ± 7)% 
of the Xe. The outgassing during annealing, within the uncertainty 
of the measurement, is therefore equal and suggests that the loss of 
species during annealing is governed by the same mechanism. From the 
measured outgassing, an estimation of 𝜆 was made by calculating the 
sink strength required to remove 85% of the diffusant during annealing, 
6 
Fig. 6. Calculations of the thermal diffusion of (a) Kr and (b) Xe as a first estimate 
with diffusion-coefficient parameters from a study made in UO2 [33], referred to as 
Model:Initial, and with optimised parameters as described in Section 2.6, referred to as 
Model:Optimised. Depth-dependent concentration profiles, as measured by ToF-ERDA, 
for both pre- and post-annealed samples are also shown, with background subtraction 
performed for the Kr implanted sample. The depth scale was re-scaled from at/cm2 to 
nm utilising the number density at the given depth as simulated by SDTrimSP.

yielding a value of 𝜆=2.5 × 10−5 s−1. As shown in Table  1, Model:Ini-
tial predicts areal densities of 2.34 × 1016 at./cm2 and 1.56 × 1016
at./cm2 for Kr and Xe, respectively, whereas Model:Optimised yielded 
predictions of 0.97 × 1016 at./cm2 and 0.68 × 1016 at./cm2 for Kr and 
Xe, respectively. The areal densities calculated by the model and the 
areal densities obtained using ToF-ERDA, agree within the measure-
ment uncertainty for the calculation using the optimised parameters. In 
contrast, the calculation employing parameters from [33] overestimates 
the areal density due to the lower sink strength.

Fig.  7 shows the distribution of 𝐸a and 𝜆, keeping 𝐷0 fixed, while 
varying the data, from which the uncertainties in 𝐸a and 𝜆 were found. 
The distributions of 𝐸0 and 𝜆 show Gaussian behaviour, with some bins 
that are more preferred than others. The convergence rate for both 
cases was ∼80%.

4. Discussion

Previous studies [25] demonstrated that annealing at 800 ◦C for 
1 h produces changes smaller than the experimental uncertainty. In 
contrast, the current study shows changes that significantly exceed 
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Table 2
The parameters used in the model from a previous study [33], referred to as Model:Initial, and optimised parameters derived by minimising 
the SSR of the model prediction, referred to as Model:Optimised. Uncertainties quoted for the optimised parameters are derived from bootstrap 
resampling. The outgassing of diffusants during annealing is also shown, with uncertainties calculated from counting statistics.
 Ion Outgassing Source 𝐸a [eV] 𝐷0 [10−11 m2/s] 𝜆 [10−5/s]  
 Kr 85 ± 7% Model:Initial 3.04 ± 0.51 8.11 2.5  
 Model:Optimised 2.58 ± 0.08 91.9 5.33 ± 0.18 
 Xe 83 ± 7% Model:Initial 3.26 ± 0.35 37.3 2.5  
 Model:Optimised 2.68 ± 0.08 441 5.20 ± 0.19 
Fig. 7. The distribution of fitted parameters when employing bootstraping for (a) Kr and (b) Xe, varying the data by the uncertainty within each bin. From these distributions, 
the values of 𝜆 and 𝐸a were taken to be the respective means, and the uncertainties on these values to be the respective standard deviations.
statistical uncertainties, enabling a more detailed analysis of the dif-
fusion mechanisms. As shown in Table  2, approximately 85% of the 
implanted atoms were outgassed during annealing, and the similarity 
in concentration outgassed between Kr and Xe suggests a common 
diffusion and release mechanism in ZrO2. This mechanism is indepen-
dent of atomic mass and size, aligning with previous studies obtained 
for low-concentration Xe and Kr in UO2 [33]. Applying the optimised 
values presented in Table  2 to Eq.  (2) yields first-order approximations 
of thermal-diffusion coefficients of Kr and Xe in ZrO2 at 1200 ◦C as 
(1.36± 0.87) × 10−19 m2/s and (2.94± 1.96) × 10−19 m2/s. These thermal-
diffusion coefficients are two orders of magnitude larger than those 
previously found for Kr and Xe in UO2 [33,40]. Previous work [41] 
suggests that implantation fluences above 3 × 1016 at./cm2 cause solid 
and fluid noble gas inclusions. The fluence employed in this study was 
1017 at./cm2, resulting in the high-damage to the sample matrix seen 
in Fig.  5. Although it is difficult to identify the dominant mechanism 
from a single experimental set, this high damage, combined with the 
considerably higher diffusion coefficients compared to [33,40], suggest 
that the diffusion process observed in the present work is irradiation-
enhanced, rather than purely thermal [42]. As shown in Fig.  5, the 
mean damage caused by Xe is approximately twice that of Kr, which 
contributes to the higher diffusion coefficient derived for Xe in this 
study. Table  1 also shows that the mean range following annealing 
was increased by ∼ 200 × 1015 at./cm2. The slight shift in mean 
range further supports that the diffusion is not only thermal, as the 
7 
mean range would be closer to the centre of the domain if thermal-
diffusion dominates. Atomic diffusion through the vacancy mechanism 
is governed by both the concentration of vacancies and the vacancy 
migration energy, meaning that if the concentration of vacancies is 
larger, the diffusion coefficient of atoms in the matrix will be larger. 
Thus, the mechanism of diffusion of Kr and Xe in this work is mostly 
irradiation-enhanced. Using a fluence on the order of 1017 at./cm2 of 
Kr or Xe creates damage on the order of 1000 dpa which is realistic for 
fuel in reactor environments [43]. Thus, the implantation conditions 
used here are representative of operational damage states.

The agreement between the modelled and the measured depth-
dependent concentration profiles, presented in Fig.  6, is seen to be 
excellent for both the Xe and Kr implanted samples. Being critical 
of this agreement from the perspective of the empirical data sets, it 
could be supposed that the statistical uncertainties on the measured 
concentrations are slightly overestimated, as only ∼10% of the values 
lie more than 1𝜎 from the corresponding model prediction. It must also 
be considered that systematic uncertainties are not accounted for in the 
measured data; other than those relating to the background subtraction 
performed on the Kr concentration profile. ToF-ERDA is known to be 
influenced by multiple and plural scattering effects, particularly when 
analysing samples with heavy matrices [44–46], which limits the prob-
ing depth and degrades the depth resolution. However, as multiple and 
plural scattering effects exhibit similar magnitudes across samples of 
similar compositions, accurate comparative analysis can be performed 
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Fig. 8. The SSR surface created by varying the initial guess of 𝐷0 and 𝐸𝑎, showing 
that there exists an infinite number of combinations which minimise the result. The 
optimised parameters for Kr, as derived in this work, are shown for reference.

despite potentially inaccurate absolute values. Therefore, ToF-ERDA 
remains a powerful tool for comparative studies, as demonstrated in 
this work. The main discrepancy with the model prediction is that the 
mean range after annealing is over-estimated by ∼ 100 × 1015 at./cm2

as seen in Table  1. This discrepancy can be attributed to the lack of 
an atom-drift term [47] in the diffusion model. Species deeper in the 
sample should diffuse towards the surface, altering the shape of the 
distribution in the surface area. A gas atom drift term could therefore 
be added to Fick’s law to modify the diffusion equation to account for 
the drift mechanism. The physical explanation of the gas atom drift 
effect is that fission fragments cause lattice distortions, which cause 
swelling. The swelling, in turn, causes stress on each grain. As the grain 
boundaries interlink, a stress gradient forms which drifts dislocations in 
the direction of the gradient. As the dislocations move, gas atoms are 
dragged in the same direction [48]. The magnitude of the drift effect 
is proportional to the burn-up in the fuel and follows dislocations [11]. 
The drift effect of the gas atoms is dominant at temperatures below 
1000 ◦C, though it continues to contribute to atomic transport at higher 
temperatures.

It is important to note that as one data point was utilised in this 
work, there exists an infinite number of combinations of 𝐷0 and 𝐸a
that minimises the SSR, and yields the correct total diffusion coefficient, 
𝐷. The infinite solution space stems from the fact that Eq.  (2) has two 
variables, and with only one data point, the system is underdetermined. 
Hence, the value of 𝐷0 and 𝐸a will depend on the initial guess of 𝐷0 and 
𝐸a. The infinite solution-space can be visualised by minimising the SSR 
while varying the initial guess, and is shown for Kr in Fig.  8, with the 
optimised parameters derived in this work marked. The minimum SSR 
line, marked in Fig.  8, represents the infinite number of solutions, all of 
which minimise the SSR. Therefore, the initial guess of 𝐷0 and 𝐸a was 
set to the values reported in [33], as a physically meaningful estimate 
was required to identify the most physically relevant minimum. 𝐷0 was 
also held fixed during re-iteration to ensure that there only existed one 
unique solution to Eq.  (2).

Fig.  8 also reveals that there exists many minima near, and around 
the optimised parameters. To ensure that the optimisation algorithm 
finds the correct minima, other optimisation algorithms could be tested 
to evaluate which method converges more rapidly. The current method 
is prone to find local minima, and could affect which parameters 
the model finds during optimisation. To uniquely determine 𝐷0 and 
𝐸a, an additional measurement at a different temperature would be 
required. More measurements, applying a range of different implan-
tation fluences, annealing temperatures and annealing times should be 
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performed to yield more data points such that interpolation according 
to the Arrhenious law can be performed. By having more data points 
on the Arrhenious curve, the exact values of 𝐷0 and 𝐸a can be found.

5. Conclusions

This work aimed to evaluate the effectiveness of the analysis of 
diffusion of gaseous fission products with medium-energy ion implan-
tation combined with ToF-ERDA, and the effectiveness of modelling the 
diffusion of gaseous fission products using a model based on Fick’s law. 
First-order approximations of the diffusion coefficients were derived 
and were found to be greater than those previously found, due to the 
atomic diffusion through the vacancy mechanism. It was found that Xe 
and Kr diffuse in highly irradiated samples using the same mechanism. 
The model, based on Fick’s law, can successfully predict the diffusion 
of the implanted species but will need further tests to conclude the 
accuracy of the predictions. Good agreement with pervious studies were 
found with regards to the activation energy and the thermal pre-factor, 
though no direct comparison was possible.

It was shown that medium-energy ion implantation in combination 
with ToF-ERDA is a powerful technique to study the diffusion of volatile 
fission products. The method has now been tested in two cases, namely 
this work and previously by Frost et al. [25]. In both cases ToF-ERDA 
produces reliable data to analyse the diffusion of volatile fission prod-
ucts without the need to apply destructive measurement techniques or 
use irradiated samples. The combination of medium-energy ion implan-
tation and ToF-ERDA thus offers quantitative analysis of the diffusion 
of implanted species as it is not destructive since it utilises high energy 
ion beams tens of MeV, making sputter yields negligible. The data from 
ToF-ERDA can be directly translated from non-relativistic scattering 
and therefore provide quantitative depth-profiling.
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