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Experimental investigation of Kr diffusion in UO 2+x : slight deviations from stoichiometry, significant effects on diffusion kinetics and mechanisms

Thermo-Desorption Spectrometry (TDS) was employed to study the release of fission gases from a Kr implanted UO 2+x during 1050-1300°C isotherms. The stoichiometry of the sample has been regularly increased by O 2 additions in the vacuum setup to cover an hyperstoichiometry x range from ~1  10 -6 to ~0.1. We used an analytical model based on Fick's second law to determine krypton diffusion kinetics (D Kr ) from the Kr cumulated release profiles. We demonstrate that even little x deviations from stoichiometric UO 2 down to the 10 -6 order are sufficient to quantitatively enhance fission gas diffusion. This likely explains a fair amount of data scatter in literature for experimental fission gases diffusion rates in (supposedly) perfectly stoichiometric UO 2 . A model was developed from the experimental results and well-accepted data for UO 2 to estimate D Kr (and D Xe equivalently) as a function of T and x in the ranges of the present study.

) but this is only due to the important relative diminution of Kr content between the start and end of an annealing.

Introduction

The current generators (Gen-II and Gen-III) widely use UO 2 as nuclear fuel and it is also planned for future generation reactors (Gen-IV). It has a high radiation tolerance, encompassing that it can accommodate significant compositional changes (incorporation of soluble fission products) and temperature rises without altering its crystalline nature and damaging its mechanical strength. The prediction of UO 2 behavior under irradiation remains essential for efficient use of the fuel. Even though this has been extensively studied over the past decades, some mechanisms controlling the release of insoluble Kr and Xe fission gas from UO 2 fuel remain unclear [START_REF] Tonks | Unit mechanisms of fission gas release: Current understanding and future needs[END_REF][START_REF] Rest | Fission gas release from UO 2 nuclear fuel: A review[END_REF][START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF]]. This is for example the case when UO 2 deviates from its nominal O/U = 2 stoichiometry.

In accidental conditions, important oxidation of the fuel can obviously happen and the effects of such oxidation on gaseous fission products behavior and release have to be comprehensively understood. In normal operating conditions, irradiation damages in the oxygen sub-lattice induce the formation of secondary phases with fission products, as well as an increase of the stoichiometry [START_REF] Kleykamp | The chemical state of LWR high-power rods under irradiation[END_REF]. As noted by Spino and Peerani [5], uranium dioxide fuel stoichiometry is expected to evolve at high burn-ups, from slightly hypostoichiometric or stoichiometric to O/M ratios around 2.001 to 2.002. The authors also notice that the diffusivity of Xe could then increase by two orders of magnitude and fractional release in the plenum by 17% when x (in UO 2+x ) increases from 0 to 0.002. From the few studies reporting on gaseous fission products diffusion in UO 2+x [START_REF] Matzke | Gas release mechanisms in UO 2 -a critical review[END_REF][START_REF] Lawrence | A review of the diffusion coefficient of fission-product rare gases in uranium dioxide[END_REF][START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF][START_REF] Mansouri | Fission product release from trace irradiated UO 2+x[END_REF][START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF][START_REF] Killeen | An experimental and theoretical treatment of the release of 85 Kr from hyperstoichiometric uranium dioxide[END_REF][START_REF] Copeland | Experiments to investigate the effects of small changes in fuel stoichiometry on fission gas release[END_REF], there is indubitably an increase of the apparent diffusion coefficient of Kr or Xe in hyperstoichiometric UO 2+x vs. stoichiometric UO 2 , all other parameters being the same. Also, Kr and Xe appear to have very similar kinetic and mechanistic diffusion behavior in UO 2+x [START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF]. Meanwhile, as discussed by Matzke [START_REF] Matzke | Gas release mechanisms in UO 2 -a critical review[END_REF] and in detail later in this document, contradictory data can also be found concerning fission gases diffusion in UO 2+x . Most of the scatter in the reported experimental data can be attributed to the diversity of experimental conditions. As a matter of fact, only limited dataset [START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Copeland | Experiments to investigate the effects of small changes in fuel stoichiometry on fission gas release[END_REF] indeed comprises an evolution of fission gas diffusion kinetics as a function of x, all other parameters (notably the temperature) being unchanged. Another important little explored matter is the transition between "UO 2 " and "UO 2+x " diffusion regimes, notably: is there a threshold x value for which gaseous fission products diffusion starts to be enhanced by hyperstoichiometry? Andersson et al. [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF] and Vathonne et al. [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF] treated this question by DFT calculations however experimental investigation is still lacking.

On this basis, the present study thus aims at investigating how Kr diffusion is enhanced by stoichiometry deviations x. It explores fission gas diffusion coefficient changes in UO 2+x as a function of deviations from stoichiometry x, down to the 10 -6 range, and up to x ≈ 0.1. This is realized by TDS (Thermo-Desorption Spectrometry), with cumulated controlled additions of O 2 to the TDS systems allowing to sequentially increase x in the sample. It notably demonstrates a quantitative effect on Kr diffusion kinetics detectable from x > 10 -7 and a change of its governing diffusion mechanism around x ≈ 10 -3 for the temperature range of the present study (1050-1300°C).

Experimental

A ~1.1 mm-thick and ~8 mm diameter disk has been cut, polished and annealed at 1700°C during 24 hours under Ar-5% H 2 from an unirradiated UO 2 fuel pellet. Then a second polishing treatment has been done with a colloidal silica suspension (OP-U by Struers). To remove polishing defects induced by OP-U treatment, a second annealing has been performed at 1400°C during 4 h again under Ar-5%H 2 . With this fabrication protocol, grain size is expected to be 7.6 ± 1.5 µm and the as-fabricated stoichiometry (O/U) between 1.9996 and 1.9998 [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF]. Months of ambient storage is then expected to increase the O/U ratio to the stoichiometric value of 2. This UO 2 sample has been afterwards irradiated with a 2 MeV 83 Kr beam. The targeted fluence was 5  10 +13 83 Kr.cm -2 , while experimental TDS concluded on an actual 5.11  10 +13 83 Kr.cm -2 fluence with an estimated ±5% accuracy. The profiles of gas distribution and implantation damages (expressed as displacements per atomsdpa) induced by these implantations are calculated using the SRIM simulation code [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF], with the same parameters as in [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF]. The projected range R p of 83 Kr is 600 nm. Kr reaches at R p a maximum concentration of about 3.7.10 -3 at.%. The damage area ranges over the first 800 nm, with a maximum of 0.12 dpa at 400 nm depth. The fluence of 5  10 +13 83 Kr.cm -2 was selected to have a dpa at peak maximum low enough to avoid the creation of traps impairing Kr diffusion, as described in [18]. The Kr implantation profile is given in Appendix A (Figure 5). Thermo-Desorption Spectrometry (TDS) has been realized using the setup largely described in [START_REF] Horlait | A new thermo-desorption laser-heating setup for studying noble gases diffusion and release from materials at high temperatures[END_REF]. In short, the sample is placed onto a crenelated Mo support inside an ultra-high vacuum (UHV) chamber pumped down to few 10 -9 mbar overnight. For TDS, a 0-650 W continuous wave 933 nm laser heats the sample. The laser beam is worked on by optical elements to touch the ~8 mm sample with a ~12 mm diameter beam, as a compromise between Mo support heating and UO 2 temperature (T) homogeneity. To also increase T homogeneity, the laser beam, which naturally has a Gaussian power profile, passes through a "diffuser" that renders the beam profile homogeneous. T is measured at the center of the sample by a Sensortherm M308 pyrometer. The emissivity ε is set constant at 0.85 since, as advised in [START_REF] Fink | Thermophysical properties of uranium dioxide[END_REF][START_REF] Held | High-Temperature Hemispherical Spectral Emittance of Uranium Oxides at 0[END_REF], ε UO2+x is lowly influenced by temperature and stoichiometry for the working wavelength of the pyrometer (0.855-0.905 µm range). As discussed in [START_REF] Horlait | A new thermo-desorption laser-heating setup for studying noble gases diffusion and release from materials at high temperatures[END_REF], we evaluate T accuracy to be ±15°C for this study. Pyrometry measurement is used as the input for a Proportional-Integral-Derivative (PID) automatic control of the laser power. This allows us to apply any temperature ramp or plateau with minimal deviation of the set temperature (usually less than 1°C deviation from setpoint). This heating setup presents the decisive advantage of being able to heat up and stabilize to a high temperature an UO 2 sample in a matter of tens of seconds, thus instantaneously compared to hours-long TDS annealings. The sample chamber is connected to a series of independent volumes (also pumped down to UHV levels) notably comprising purification traps (chemically trapping non noble gases) and an oxygen tank from which controlled quantities of O 2 can be sampled [START_REF] Horlait | A new thermo-desorption laser-heating setup for studying noble gases diffusion and release from materials at high temperatures[END_REF] and let diffuse over the sample. During TDS annealings, regular sampling of the Kr released from the sample are made and analyzed by mass spectrometry (MS) after purification. To refine the quantification, the sampled gas is actually mixed with an aliquot of a 82 Kr reference gas ; the 83 Kr quantity from the sample is then determined from the MS measured intensity ratio 83 Kr/ 82 Kr. The main source of MS measurement error comes from the uncertainty of the volume of gas sampling, ranging 1-5% error, as displayed by the error bars in Figure 1b. Cumulated released fractions of Kr are then plotted as a function of annealing time as in Figure 1. A whole sampling -purification -MS measurement -elimination of sampling residues by pumping loop takes a minimum of 20 min, setting it as the minimum time span between two consecutive Kr release measurements. At the end of the cumulated ~90 hours of annealings on the sample, despite an expected increase of sample mass from oxygen intakes, a mass depletion of 0.66% was noted, indicating important UO 2+x erosion happened through volatilization under the UHV & high T conditions of the experiment. Erosion rates have been determined using the approach described in Appendix B and have been taken into account in the fit model. Erosion massively occurred during the last annealing {UO 2.0954 , 1300°C}. Although a D #27 value was determined with a larger error, it has not been taken into account for E a and D 0 determinations, since erosion here likely impaired the measured temperature (details in Appendix C).

Fitting model

In order to determine effective diffusion coefficients D Kr , activation energies E a and pre-experimental factor D 0 as a function of the UO 2+x stoichiometry, we have performed data analysis as follow.

We consider a simple model adapted from Fick's second law. This model accounts for three physical mechanisms which are: 1) an initial burst release (here only active for the first annealing), 2) an apparent diffusion process, 3) a surface recession by UO 2 volatilization. The model does not need to consider defects immobilizing fission gases following their implantation (e.g. bubbles) or trapping in implantation defect immobilizing progressively a fraction of the Kr inventory along its diffusion path. These impediments to Kr diffusion are not encountered here contrary to our previous studies [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF]18] presumably because of more scattered profiles of Kr and implantation defects thanks to the higher implantation energy (2 MeV). The employed model is also described with more details in Gérardin et al. [18], with the notable difference that the volatilization was negligible in the latter due to a lower hyperstoichiometry. In the present study, we have taken into account the volatilization thanks to an evaporation coefficient e (determination in Appendix B), but it is actually marginal except for the maximum experimentally tested hyperstoichiometry {x = 0.0954 ; T ≥ 1200°C, thus the last two annealings}. The model equation used here is thus:

( ) (1) 
Where C m (z,t) (m -3 ) is the mobile gas concentration in the sample at depth z and time t, C t (z,t) (m -3 ) is the trapped gas concentration not participating to diffusion, D Kr (m 2 .s -1 ) is the effective diffusion coefficient, B (s -1 ) is the burst release and e (m.s -1 ) is the evaporation rate, which depends on the stoichiometry excess x and the temperature T, as explained in Appendix B. Burst phenomenon (second term of Eq. 1) is found only active and thus only considered for the first annealing (#1 in Table 1, 0-180 min in Figure 1a). Similarly, as discussed in Appendix B, evaporation (third term in Eq. 1) is either inactive or marginal for all but the last two annealings (# 26 and #27 ,T ≥ 1200°C; x = 0.0954}). Therefore, for most of the annealings, only the first term is ≠ 0 and thus only an adjustment of the D Kr coefficient is necessary to correctly fit the experimental MS measurements of Kr release, as displayed in example in Figure 1b. Consequently, the fitting profile is a series of straight segments* (Figure 1b) whose slopes are directly proportional to D Kr , as illustrated by Figure 1b.

We have implemented this 1D-model in the FlexPDE 7.20 software (from PDE Solutions Inc.), a finite element solution environment for partial differential equations solving.

The initial density profile is obtained beforehand by simulating the ion implantation with the SRIM software package [START_REF] Ziegler | SRIM -The stopping and range of ions in matter[END_REF] (see Figure 5, Appendix A). This initial profile is the first input of the calculation in the FlexPDE model, which incrementally outputs an updated Kr density profile after each TDS annealing (Figure 5, Appendix A). We fit independently each gas release as a function of time so that we can obtain the diffusion coefficient D Kr corresponding to each successive gas release, with the corresponding error. We have performed these fits using either the lmfit 1.0.2 package [START_REF] Newville | LMFIT: Non-linear least-square minimization and curve-fitting for Python[END_REF] or the kmpfit tool from kapteyn package 2.3.1 [START_REF] Terlouw | Kapteyn Package[END_REF] of Python, which are dedicated to non-linear leastsquare minimization and curve-fitting. At the end of this first step, we are able to fit the cumulated gas release as a function of the time for the whole experimental data (Figure 1a).

The second step of our analysis consists of drawing the Arrhenius plots, i.e. the decimal logarithm of the diffusion coefficient Log(D Kr ) as a function of the reciprocal of the temperature T for each UO 2+x stoichiometry, in order to determinate activation energies E a and pre-exponential factors D 0 . We have investigated different fitting methods which are able to take into account the experimental uncertainties, even in the case of both Log(D Kr ) and T errors, as discussed in Appendix D. However, we have considered that the T error, if present, had to be systematic and similar for each plateau.

We have implemented our fitting procedures using the kapteyn package 3.0 or the ODR routine (Scipy package) of Python. We have finally selected the effective variance method (declination of the unweighted least squares) [START_REF] Britt | The estimation of parameters in nonlinear implicit models[END_REF] which gives robust estimates with reasonable errors. For the two cases where only two D Kr values were available (x = 0.0126 and 0.00428), conservative errors were applied.

Results

Figure 1 presents the experimental Kr cumulated release curve, superimposed with the result of the fitting (model presented in the previous section). The obtained D Kr values are listed in Table 1. Figure 1 also reports the evolution of oxygen additions to the sample. Oxygen additions were made with the logic of tripling x at each new O addition. For each addition, only the quantity of O introduced in the system is known. An oxygen gauge (MicroPoas, SETNAG, France) was used to test that the different wall materials did not quantitatively trap oxygen. The same gauge was unusable during TDS experiments as it would consumes a part of the oxygen. However, at ends of days the valve isolating the gauge was opened to confirm that no oxygen was left unreacted. The UO 2+x disk and the sample holder being the only hot elements, they are expected to be the only active traps for oxygen. Giving that (1) Mo is estimated to reach at its hotter point a temperature 50-100°C below that of the UO 2+x disk [START_REF] Horlait | A new thermo-desorption laser-heating setup for studying noble gases diffusion and release from materials at high temperatures[END_REF], (2) O is readily trapped under our low pO 2 condition by UO 2+x [START_REF] Guéneau | Thermodynamic assessment of the uranium-oxygen system[END_REF], (3) oxygen diffusion is faster in UO 2+x [START_REF] Breitung | Oxygen self and chemical diffusion coefficients in UO 2±x[END_REF][START_REF] Lay | Oxygen Chemical Diffusion Coefficient of Uranium Dioxide[END_REF] than in Mo [START_REF] Nanmeng | Oxygen diffusivity in Mo-MoO 2 reference electrode of oxygen probe from electrochemical measurements[END_REF]29] for the considered temperatures and finally (4) the Mo sample holder kept the exact same mass throughout the experiment (down to the 0.1 mg accuracy of the balance), it is assumed that all of added oxygen gets trapped by the sample. Giving oxygen gas mobility in vacuum and oxygen auto-diffusion rates reported in uranium oxide [START_REF] Breitung | Oxygen self and chemical diffusion coefficients in UO 2±x[END_REF][START_REF] Marin | Uranium and oxygen self-diffusion in UO 2[END_REF], the oxygen is considered to be instantaneously and homogeneously distributed in the sample volume. As such the UO 2 sample underwent cumulated x increases from 5.2  10 -7 to 0.0954. A test was indirectly made to check that oxygen intake by the sample was irreversible in the TDS and storage conditions: the whole experiment was actually made with two experimental campaigns, 20 months separating the first annealing at 1050°C (#13, at around 2700 min in Figure 1b) from the next annealing at 1200°C (#14), with the sample stored at ambient conditions. For annealing #14, done after the hiatus, the conditions are strictly the same as annealing #10 {1200°C, x = 0.00115}. As expected the diffusion rates measured for #10 and #14 are satisfyingly close (2.89 ±0.09 and 3.30 ±0.15  10 -19 m 2 .s -1 respectively, see Table 1 and Figure 1b for illustration), confirming the stability of x in the sample and the experimental irreversibility of O intake by the sample. 27* 1300 ±15* 9.9 ±5.1 × 10 -16 * † Search for R² maximization of the fit log(DKr) = f(log(x)) (Figure 3) for the #1 to #7 annealings allowed to estimate the initial sample stoichiometry x#1 during TDS annealing #1 to be 1.3 × 10 -6 .

* The massive UO2+x surface erosion occurring during annealing #27 likely impaired temperature control of the sample, thus #27 associated errors are conservatively increased (see Appendix C).

From Figure 1 and numerical D Kr values in Table 1, it is evident that both T and x greatly enhance Kr effective diffusion rate.

The TDS experiment started with a 1300°C annealing without adding oxygen (annealing #1 0-180 min). It was afterwards established that the sample had an effective hyperstoichiometry

x #1 of 1.3  10 -6 (see footnote of Table 1 and Figure 3 on how this has been deduced). An initial burst release [START_REF] Matzke | Gas release mechanisms in UO 2 -a critical review[END_REF]18] was observed during the ~100 first minutes and was limited to ~0.5% of the total Kr inventory. A D #1 value of 1.28 ±0.09  10 -19 m 2 .s -1 was determined once subtracting the burst effect (see Model Section).

Our D #1 value is in fair agreement with literature, especially the commonly considered reference work by Davies and Long [START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF] for intrinsic fission gases diffusion rate in stoichiometric UO 2 (D DL = 1.43  10 -19 m 2 .s -1 at 1300°C outlined by the graphical literature comparison in Figure 2b). Other Kr and Xe diffusion rates are found in literature for perfectly (or at least supposedly) stoichiometric UO 2 from experiments under limited burn-up or fission gas fluence (<10 22 fission.m -3 or Xe + Kr atomic concentration below 10 -5 /UO 2 formula unit) [START_REF] Matzke | Gas release mechanisms in UO 2 -a critical review[END_REF][START_REF] Lawrence | A review of the diffusion coefficient of fission-product rare gases in uranium dioxide[END_REF][START_REF] Mansouri | Fission product release from trace irradiated UO 2+x[END_REF][START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF]18,[START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF][START_REF] Une | Microstructural change and its influence on fission gas release in high burnup UO 2 fuel[END_REF][START_REF] Turnbull | The diffusion coefficients of gaseous and volatile species during the irradiation of uranium dioxide[END_REF][START_REF] Cornell | The growth of fission gas bubbles in irradiated uranium dioxide[END_REF][START_REF] Baker | Proc. Int. Conf. on Materials for Nuclear Reactor Core Applications[END_REF][START_REF] Marchand | Xenon migration in UO 2 : A SIMS study[END_REF][START_REF] Barnes | Xenon diffusion in single crystal and sintered UO 2[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Carlot | Détermination des coefficients de diffusion du xénon dans l'UO 2 et l'UO 2 dopé chrome[END_REF]40,[START_REF] Kaimal | Temperature dependence of diffusivity of xenon in high dose irradiated UO 2[END_REF] and from simulations [START_REF] Cooper | Simulation of radiation driven fission gas diffusion in UO 2 , ThO 2 and PuO 2[END_REF][START_REF] Perriot | Atomistic modeling of out-of-pile xenon diffusion by vacancy clusters in UO 2[END_REF]. A large range of experimental diffusion coefficients values exists at 1300°C for fission gases, from ~5  10 -22 (projecting Carlot et al.'s data *39]) to over 10 -15 m 2 .s -1 [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF]. Note that Xe and Kr are expected to diffuse with similar kinetics and mechanisms in uranium dioxide [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF][START_REF] Lawrence | A review of the diffusion coefficient of fission-product rare gases in uranium dioxide[END_REF][START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF] and are thus indistinguishably treated and discussed in the present paper.

With the first addition of oxygen, leading to a nominal increase of x by 5.2  10 -7 , thus a stoichiometry of x #2 = 1.8  10 -6 , Kr release rate slightly increases (by ~7%) and reaches D #2 = 1.38 ±0.04  10 -19 m 2 .s -1 . Enhancement of Kr diffusivity by oxygen additions is confirmed with the next addition (x increased to 6.4  10 -6 ) since D #3 then reaches 2.23 ±0.08  10 -19 m 2 .s -1 thus a ~74% increase of Kr apparent diffusion rate. The fact that such a limited relative increases of x produce a measurable acceleration of Kr diffusion is an indirect proof that our sample was initially very close to stoichiometry during annealing #1 (estimated from #1-#7 results regression to be 1.3  10 -6 ). Continuing step oxygen additions at 1300°C, both x and D Kr progressively increase to 0.00115 and 1.69 ±0.07  10 -18 m 2 .s -1 , respectively (#8, Table 1). For x ≥ 0.00115, successive annealings were performed in the 1050-1300°C range, to obtain E a and D 0 values determination. Table 2 reports these data. The pre-exponential factor D 0 increases with x from 2.6 ±1.5  10 -8 m 2 .s -1 for UO 2.00115 to 5.0 ±3.5  10 -2 m 2 .s -1 for UO 2.0954 . Meanwhile, E a progressively increases from 2.91 ±0.07 eV for UO 2.00115 , to 4.25 ±0.08 eV for UO 2.0954 .

For the last annealing at 1300°C on UO 2.0954 emptying the sample of its remaining Kr, Kr effective diffusion rate is estimated to be 4 orders of magnitude faster than at the same temperature for (nearly-)stoichiometric UO 2 (Figure 2a and Table 1, D #27 vs. D #1 ).

Discussion and comparison to literature data

The first meaningful experimental result is the following: a ~ +0.001 deviation of stoichiometry from supposedly perfectly stoichiometric UO 2 is enough to accelerate by one order of magnitude Kr (and most presumably Xe) migration across the material.

As detailed graphically in [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF], and seen in earlier reviews [START_REF] Matzke | Gas release mechanisms in UO 2 -a critical review[END_REF][START_REF] Lawrence | A review of the diffusion coefficient of fission-product rare gases in uranium dioxide[END_REF], experimental diffusion rates of fission gases are scattered in supposedly stoichiometric uranium dioxide [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF][START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF][START_REF] Mansouri | Fission product release from trace irradiated UO 2+x[END_REF][START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF]18,[START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF][START_REF] Une | Microstructural change and its influence on fission gas release in high burnup UO 2 fuel[END_REF][START_REF] Turnbull | The diffusion coefficients of gaseous and volatile species during the irradiation of uranium dioxide[END_REF][START_REF] Cornell | The growth of fission gas bubbles in irradiated uranium dioxide[END_REF][START_REF] Baker | Proc. Int. Conf. on Materials for Nuclear Reactor Core Applications[END_REF][START_REF] Marchand | Xenon migration in UO 2 : A SIMS study[END_REF][START_REF] Barnes | Xenon diffusion in single crystal and sintered UO 2[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Carlot | Détermination des coefficients de diffusion du xénon dans l'UO 2 et l'UO 2 dopé chrome[END_REF][40][START_REF] Kaimal | Temperature dependence of diffusivity of xenon in high dose irradiated UO 2[END_REF]. Based on our experimental results and confirmation through another work by Copeland and Smith [START_REF] Copeland | Experiments to investigate the effects of small changes in fuel stoichiometry on fission gas release[END_REF] (discussed hereafter), we suggest that the main contributing factor to literature data scattering for D Xe or D Kr is the slight but nonetheless significant deviations from stoichiometry from one experiment to another. These variations could either be due to differences of atmosphere (thus of pO 2 ) or to impurities, these being either the other fission products or native aliovalent elements. Note that even though we explored only stoichiometric and hyperstoichiometric samples, the literature data scatter contains several D values lower than ours for stoichiometric UO 2 [START_REF] Une | Microstructural change and its influence on fission gas release in high burnup UO 2 fuel[END_REF][START_REF] Marchand | Xenon migration in UO 2 : A SIMS study[END_REF][START_REF] Carlot | Détermination des coefficients de diffusion du xénon dans l'UO 2 et l'UO 2 dopé chrome[END_REF]40]. Given that theoretical [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF] and experimental [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF] works suggest lower diffusion rates for Xe and Kr in distinctly hypostoichiometric UO 2-x , this "little x variations, great diffusion kinetic effects" feature could also encompass slightly hypostoichiometric samples as well.

In the literature, several studies report experimental data on Xe and/or Kr diffusion in hyperstoichiometric uranium dioxide. Some works are directly dedicated to Kr or Xe diffusion in UO 2+x [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF][START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF][START_REF] Killeen | An experimental and theoretical treatment of the release of 85 Kr from hyperstoichiometric uranium dioxide[END_REF][START_REF] Copeland | Experiments to investigate the effects of small changes in fuel stoichiometry on fission gas release[END_REF], and some other works can be also included although presented as studies on stoichiometric UO 2 , since they inform the reader of a limited (but as demonstrated here significant) hyperstoichiometry in their samples [START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Carter | Xenon-133 diffusion and trapping in single-crystal uranium dioxide[END_REF]. The corresponding data are gathered and plotted in Figure 2a (excepted Killeen and Turnbull's data [START_REF] Killeen | An experimental and theoretical treatment of the release of 85 Kr from hyperstoichiometric uranium dioxide[END_REF], since we were not able to obtain this document). Davies and Long's [START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF] reference work on stoichiometric UO 2 [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Turnbull | The diffusion coefficients of gaseous and volatile species during the irradiation of uranium dioxide[END_REF][START_REF] Cooper | Simulation of radiation driven fission gas diffusion in UO 2 , ThO 2 and PuO 2[END_REF][START_REF] Perriot | Atomistic modeling of out-of-pile xenon diffusion by vacancy clusters in UO 2[END_REF][START_REF] Kim | Fission gas release from UO 2+x in defective fuel rods[END_REF][START_REF] Dong | Review on models to evaluate coolant activity under fuel defect condition in PWR[END_REF] is also given.

A first notable and overlooked example of fission gas diffusion in UO 2+x is the work by Copeland and Smith [START_REF] Copeland | Experiments to investigate the effects of small changes in fuel stoichiometry on fission gas release[END_REF], who annealed a UO 2 spent fuel under various oxygen partial pressures to produce x deviations from stoichiometry as low as 10 -6 . They notably report that "small changes in stoichiometry of ~1  10 -6 had little or no effect on release but that changes of ~1  10 -4 were observed to increase the diffusion coefficient, for 85 Kr, by up to an order of magnitude". Our observations agree remarkably well, especially considering the irradiated vs. implanted nature of the samples. For a 1  10 -6 increase of x, we are expecting a 10-20% increase of D Kr that our setup's sensitivity allows us to discern, contrary to that of Copeland and Smith. For a deviation from stoichiometry of 10 -4 , we observe a D increase (Table 1 annealings #6 and #7) compatible with Copeland and Smith's observations, and those by Une et al. [START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF] (D increase by a factor 3 between samples presented as UO 2 and UO 2.0001 ). At higher hyperstoichiometries, our results remarkably align with those of H. Kim et al. [START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF] and Auskern [START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF] (Figure 2a) and also relatively well agree with that of Lindner and Matzke [START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF], although overlapping of temperatures is limited.

Contrary to the general trend in the literature and the present results, Miekeley and Felix [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF] results show no clear increase of D as function of x, nonetheless they still found an increase of D values for UO 2+x (with x ≥ 0.021) vs. stoichiometric UO 2 , this enhancement lowering as T increases. Being the largest study of heavy noble gases diffusion kinetics in UO 2±x , it has been taken as a reference work for fission gases diffusion in UO 2+x such as in [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF], however the present work and former results (nonexhaustive list: [START_REF] Mansouri | Fission product release from trace irradiated UO 2+x[END_REF][START_REF] Killeen | An experimental and theoretical treatment of the release of 85 Kr from hyperstoichiometric uranium dioxide[END_REF][START_REF] Copeland | Experiments to investigate the effects of small changes in fuel stoichiometry on fission gas release[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Kim | Fission gas release from UO 2+x in defective fuel rods[END_REF][START_REF] Shiba | Fission iodine and xenon release from the UO 2 -U 3 O 8 system with emphasis on radiation damage[END_REF]) are all in contradiction with this reported non-correlation of x and D. In a critical review in 1980, Matzke [START_REF] Matzke | Gas release mechanisms in UO 2 -a critical review[END_REF] already advocated that Miekeley and Felix's work on hyperstoichiometric part should be cautiously considered, given that they notably measured diffusion coefficients on samples with x evolving during measurements and that they had mixtures of U 4 O 9 and UO 2 rather than monophasic UO 2+x . Andersson et al. [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF] later noted that ordering in U 4 O 9 should result in a decrease in Xe diffusivity compared to UO 2+x with x low enough to avoid oxygen interstitial clustering, hence possibly explaining the odd Miekeley and Felix's results on their UO 2+x samples. From Figure 2a, one can observe that Miekeley & Felix's data points are higher than expected by other experimental data and models. Also, their results are in a relative agreement with Lindner and Matzke's results on fission gas diffusion in U 3 O 8 (with also low E a and high D 0 ) as shown in Figure 2a. A last possibility to explain discrepancies with Miekeley & Felix's data is thus that they inadvertently produced U 3 O 8 instead of highly hyperstoichiometric fluorite UO 2+x .

Finally in Figure 2b, our results for x = 0.00115 and x = 0.0345 are compared with the predictive models developed by Kim [START_REF] Kim | Fission gas release from UO 2+x in defective fuel rods[END_REF], Massih [START_REF] Massih | Fission gas release from irradiated UO 2+x during transient annealing[END_REF] and Dong et al. [START_REF] Dong | Review on models to evaluate coolant activity under fuel defect condition in PWR[END_REF], that are supposed to be applicable to 0 ≤ x ≤ 0.1. Since they base their models on Davies and Long [START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF] results for x = 0, the models by Kim and by Dong et al. start with values similar to our D #1 , while that of Massih predicts a D for UO 2 circa one order of magnitude lower. For x = 0.00115 the three models all underestimate our experimental D enhancement. The same observation is made for x = 0.0345 unless for Dong's model that approaches well our experimental values, but not the trend as a function of T. The reasons for the poor reproduction of our experimental results by the three models [START_REF] Kim | Fission gas release from UO 2+x in defective fuel rods[END_REF][START_REF] Dong | Review on models to evaluate coolant activity under fuel defect condition in PWR[END_REF][START_REF] Massih | Fission gas release from irradiated UO 2+x during transient annealing[END_REF] is two-fold. First the predictive models indirectly consider that E a decreases or is constant when x increases (see in Figure 2b how the slopes of Dong's model decreases between x = 0.00115 and x = 0.0345 cases), contrary to our findings. Second, the D vs. x correlation is more complex than what they were able to determine with former literature data, as outlined in Figure 3 and later discussed. [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF][START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF][START_REF] Copeland | Experiments to investigate the effects of small changes in fuel stoichiometry on fission gas release[END_REF][START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Carter | Xenon-133 diffusion and trapping in single-crystal uranium dioxide[END_REF] on Kr and Xe diffusion in UO 2+x in a) and vs. published models [START_REF] Kim | Fission gas release from UO 2+x in defective fuel rods[END_REF][START_REF] Dong | Review on models to evaluate coolant activity under fuel defect condition in PWR[END_REF][START_REF] Massih | Fission gas release from irradiated UO 2+x during transient annealing[END_REF] predicting D as a function of x and T in b)). Segments and points' colors give the range of hyperstoichiometry x, according to the color map. D Kr error bars of our results are only given in b) to ease the reading in a). In Figure 3, a selection of our log(D Kr ) values are plotted, this time against log(x). For the sake of clarity, theoretical measurement points for T = 1300°C and x = 0.00428, 0.0126 and 0.0345 are also added; these have been deduced from the application of the D Kr = D 0 exp -Ea/kbT equation, with the E a and D 0 values given in Table 2 and k b the Boltzmann constant (8.61733 eV.K -1 ). All the displayed log(D Kr ) = f(log(x)) data can be satisfyingly fitted by straight lines, meaning that D evolves as a function of a power of x and not a second order polynomial as used in the previously presented predictive models [START_REF] Kim | Fission gas release from UO 2+x in defective fuel rods[END_REF][START_REF] Dong | Review on models to evaluate coolant activity under fuel defect condition in PWR[END_REF][START_REF] Massih | Fission gas release from irradiated UO 2+x during transient annealing[END_REF] (as exemplified by Kim's model plotted in Figure 3). At 1300°C, an abrupt slope change in the log(D Kr ) = f(log(x)) correlation is seen for an hyperstoichiometry x ≈ 0.0007. This likely indicate a change in the diffusion-limiting mechanism from a "stoichiometric UO 2like mechanism" to a new mechanism typical of UO 2+x . The possible nature of the mechanism and the reason behind the mechanism change are discussed in the next section. ).

E a and D 0 for fission gases diffusion in UO 2+x are now discussed as a function of x and compared to relevant literature data (low fluences or irradiation rates) in Table 2. For x = 0.00115, E a was found to be 2.91 ±0.07 eV, thus rather close of the reference values by Davies and Long (3.036 eV) for supposedly perfectly stoichiometric UO 2 and also close to our recent study (3.2 ±0.3 eV) done with similar equipment and samples but different heating conditions [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF]. As E a is similar to values for stoichiometric UO 2 the D Kr enhancement between x #1 = 1.3 × 10 -6 and x #8 = 0.00115 (Table 1) is therefore only supported by the ~1.5 order of magnitude increase of D 0 (Table 2). Since E a appears constant, no change on the diffusion mechanism of Kr in UO 2+x is expected when x increases from 0 to about 0.001 (for T around 1300°C at least). The progressive increase of E a when x is augmented up to 0.0954 (Table 2 or Figure 4a) however indicates progressive changes of the diffusion-limiting mechanism in our sample. Figure 4 shows the change on E a and log(D 0 ) as a function of log(x). Both E a and log(D 0 ) can satisfyingly be fitted by straight lines (see Figure 4 and fit parameters in Table 2). 1 and by considering E a as constant (3.0 eV) as long as x < 0.0007 (schematically expressed in (a) as a grey horizontal dotted line). The vertical red dashed line materializes the approximate x threshold value separating (at 1300°C at least) the two mechanisms governing Kr diffusion kinetics in UO 2+x . The black segments are the results of fits of the experimental data, with the obtained parameters reported in Table 2.

For nominally stoichiometric UO 2 the data span from 2.1 eV [START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF] to 3.9 eV [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF] and D 0 ranges 5  10 -12 [START_REF] Barnes | Xenon diffusion in single crystal and sintered UO 2[END_REF] to 5  10 -4 m 2 .s -1 [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF], however the values by Davies and Long {E a = 3.036 eV; D 0 = 7.6  10 -10 m 2 .s -1 } is commonly considered as a trusted reference [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Turnbull | The diffusion coefficients of gaseous and volatile species during the irradiation of uranium dioxide[END_REF][START_REF] Cooper | Simulation of radiation driven fission gas diffusion in UO 2 , ThO 2 and PuO 2[END_REF][START_REF] Perriot | Atomistic modeling of out-of-pile xenon diffusion by vacancy clusters in UO 2[END_REF][START_REF] Kim | Fission gas release from UO 2+x in defective fuel rods[END_REF][START_REF] Dong | Review on models to evaluate coolant activity under fuel defect condition in PWR[END_REF].

The extensive DFT work by Andersson et al. [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF] and Vathonne et al. [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF] respectively on Xe and Kr diffusion in UO 2±x is obviously relevant but is not shown in Figure 2 to not overloading it. For Vathonne et al. [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF], Kr diffusion in UO 2+x obeys to D Kr = 3.07  10 -7 e -Ea/(kT) , with 4.09 < E a < 0.73 eV.

With such a large range of E a , Vathonne et al.'s equation covers all experimental data in Figure 2a (lower D Kr than Une et al's data for E a = 4.09 eV and higher than our #27 data point for E a = 0.73 eV). For Andersson et al. [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF], E a calculated in hyperstoichiometric UO 2+x ranges in 1.71 and 2.73 eV and D 0 is estimated between 2.2 x 10 -8 and 1.2 x 10 -13 m 2 .s -1 . Although not explicitly written, E a should lower as x increases for both studies [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF].

Even excluding the less trustworthy Miekeley and Felix's results *8] on UO 2+x , the few reported E a and D 0 values [START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Carter | Xenon-133 diffusion and trapping in single-crystal uranium dioxide[END_REF] for fission gases diffusion in UO 2+x (Table 2) are somewhat contradictory. In agreement with our results and DFT works [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF], for low hyperstoichiometries [START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF] E a departs little from the reference ~3 eV reference value [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF][START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF] for Kr and Xe diffusion in stoichiometric UO 2 , exception made for Carter et al. [START_REF] Carter | Xenon-133 diffusion and trapping in single-crystal uranium dioxide[END_REF] who find a larger E a (4.78 eV), compensated by a larger D 0 (0.288 m 2 .s -1 ). Lindner and Matzke [START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF] first reported low E a values (2.1-2.2 eV), independent of x for 0 ≤ x ≤ 0.12 and T below 1100°C. For the latter, the diffusion rate enhancement is found limited by an only 50 fold increase of D 0 (while our D 0 gains 9 orders of magnitude for a similar x increase, Table 2). It is remarkable to observe that all studies including various investigated stoichiometries report rather limited D 0 increases and either similar [START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF] or distinctly lower [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF]] E a values when x increases, hence in contradiction with our results (Table 2). It is also interesting to note that the dataset of Carter et al. for x comprised between 0.0006 and 0.001 is the only other result suggesting increasing E a and massively higher D 0 when x increases. Our study and that of Carter et al. [START_REF] Carter | Xenon-133 diffusion and trapping in single-crystal uranium dioxide[END_REF] differs with the others cited in the sense that they are the only ones done with ion-implanted Kr or Xe and not irradiated [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF] or simulated materials [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF]. Although additional experiments are obviously needed to make definitive conclusions, this could suggest that diffusion of fission gases in ion-implanted and irradiated UO 2+x may be of different natures. This is in opposition with the stoichiometric UO 2 case, for which ion-implantation vs. irradiation does not lead to notable differences in both diffusion kinetics and mechanisms [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF]. As avenues to elucidate this apparent discrepancy, we remind the two notable differences between simulated, irradiated and implanted samples that may cause mechanistic differences in fission gas diffusion: (1) the presence of aliovalent fission products in irradiated UO 2+x and (2) the heterogeneity in irradiation/implantation defects for Kr/Xe implanted samples (see Experimental section).

A second possible explanation of some of the literature discrepancies is the different annealing temperatures explored by the authors. Indeed, Miekeley and Felix [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF] and Lindner and Matzke [START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF], who reported the lowest experimental E a values, obtained these mainly by measurements below 1100°C (Figure 2a), while the others [START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Carter | Xenon-133 diffusion and trapping in single-crystal uranium dioxide[END_REF], including us, employed temperatures mostly over 1100°C. As reported e.g. by Soulié et al. [START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF] or Andersson et al. [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF], the dominant diffusion-limiting defect present in UO 2+x is not only function of x but also of T. This likely has repercussions on diffusion mechanisms thus associated E a (and D 0 ). This is further discussed in the next section.

Discussion of diffusion mechanisms

In recent papers, several authors [START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF][START_REF] Cooper | The defect chemistry of UO 2±x from atomistic simulations[END_REF][START_REF] Caglak | Atomic scale analysis of defect clustering and predictions of their concentrations in UO 2+x[END_REF][START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF][START_REF] Liu | Atomistic and cluster dynamics modeling of fission gas (Xe) diffusivity in TRISO fuel kernels[END_REF] have used latest developments in computational simulations to estimate the evolution of concentration of the various defects in UO 2+x as a function of log(x) and T. Thermodynamically speaking and according to [START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF][START_REF] Cooper | The defect chemistry of UO 2±x from atomistic simulations[END_REF], the dominant defect is the uranium vacancy (V U ) at T below ~1000°C and x < 10 -2 . The actual presence of V U in UO 2+x material is however questioned by Bruneval et al. [START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF]. The authors have shown that, to reproduce experimental data on lattice-constant variation with x, V U cannot massively exist in UO 2+x . They explain that low self-diffusion of U in uranium dioxide kinetically precludes V U formation experimentally. The studies anyhow agree that the isolated oxygen interstitials (O I ) are expected to dominate for temperatures above ~1000°C and low hyperstoichiometries. When x increases and whatever the temperature, oxygen interstitials are no longer isolated and form di-(IX 2 ) [START_REF] Caglak | Atomic scale analysis of defect clustering and predictions of their concentrations in UO 2+x[END_REF] or quadri-interstitial clusters (IX 4 ) [START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF][START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF] that become the principal defect accommodating oxygen hyperstoichiometry. The concentrations of these oxygen defect clusters increase with x by several orders of magnitude. When they become the dominant defects, their concentrations then continue to increase somewhat proportionally to x. The threshold x values for which these clusters become predominant can be deduced from the graphical examples reported in [START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF][START_REF] Caglak | Atomic scale analysis of defect clustering and predictions of their concentrations in UO 2+x[END_REF][START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF]. For T relevant for the present study, the respective values are x ≈ 0.015 (IX 2 , T = 1300°C, [START_REF] Caglak | Atomic scale analysis of defect clustering and predictions of their concentrations in UO 2+x[END_REF]), x ≈ 0.016 (IX 4 , T = 1327°C, [START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF]) and x ≈ 0.03 (IX 4 , T = 1127°C, [START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF], with V U excluded from the calculations). In the same trend, measurements of electrical conductivity performed by Garcia et al. [START_REF] Garcia | A defect model for UO 2+x based on electrical conductivity and deviation from stoichiometry measurements[END_REF] have shown that oxygen clustering is predominant for 0.0004 < x < 0.001 for temperatures in the range of 700 to 1400°C. These studies all point towards a change in the nature of dominant defect for x of few 10 -4 to few 10 -2 .

Considering the work of Andersson et al. [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF] and Vathonne et al. [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF] for slightly hypo-to slightly hyperstoichiometric uranium dioxide, xenon and krypton are hosted by the charged di-vacancy defect (V U +V O ) 2-and an additional V U vacancy helps in the migration. The calculated E a for nearly stoichiometric UO 2 ranges between 2.93 to 3.94 for [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF] and 4.09 to 7.80 eV for [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF]. According to Andersson et al. [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF], when x increases, a transition from the aforementioned mechanism typical of stoichiometric UO 2 to a diffusion governed and limited by V U 4-is supposed to happen, the threshold x value being dependent of T. For such O-rich conditions, both Andersson et al. [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF] and Vathonne et al. [START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF] calculated E a values are lower than that in stoichiometric UO 2 (Table 2). This V U 4-limited migration mechanism of Kr or Xe in UO 2+x , although presumably true on a purely thermodynamical point of view, is questioned by [START_REF] Tonks | Unit mechanisms of fission gas release: Current understanding and future needs[END_REF] the disagreement with our experimental results, (2) the defect model and arguments of Bruneval et al. [START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF] discarding the experimental presence of V U in UO 2+x due to kinetical limitations in V U formation and (3) the fact that they based their arguments on the experimental results by Miekeley and Felix [START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF] which we (and Matzke [START_REF] Matzke | Gas release mechanisms in UO 2 -a critical review[END_REF]) advocate to be irrelevant for Xe diffusion in UO 2+x .

From Figure 3, we estimate the mechanism change to occur from about x = 0.0007, which is in the range measured by [START_REF] Garcia | A defect model for UO 2+x based on electrical conductivity and deviation from stoichiometry measurements[END_REF] for the formation of oxygen clustering and reasonably close to the change of dominant defect O I <-> IX 2 or IX 4 in UO 2+x as calculated in [START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF][START_REF] Caglak | Atomic scale analysis of defect clustering and predictions of their concentrations in UO 2+x[END_REF][START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF]. Anyhow, even if the clusters of oxygen interstitials are not the principal defects in UO 2.0007 at 1300°C, it is probable that they have already reached a sufficient concentration to quantitatively enhance Kr migration kinetics. Lastly, implantation damage may also influence defects concentration relative to pristine UO 2+x .

The clustering of oxygen interstitial changes the proportion of defects in UO 2+x crystalline structure.

In addition, we have determined that the mechanism driving the diffusion changes for x around 0.0007. If for near-stoichiometric UO 2 , the defects controlling the diffusion is the di-vacancy V U +V O defect [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF], it should be another defect for hyper-stoichiometric UO 2+x and the oxygen clusters, being the dominant expected defects [START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF], become the prime suspects. This change of diffusion mechanism could suitably occur for x around 0.0007 (at 1300°C), when the proportion of these defects significantly evolve [START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF][START_REF] Caglak | Atomic scale analysis of defect clustering and predictions of their concentrations in UO 2+x[END_REF][START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF].

For 0 < x < 0.0007, the concentration of oxygen interstitials (and probably clusters in a lesser extent) increases and we have determined that the effective diffusion increases while E a stays constant. Therefore the increasing concentration of oxygen interstitial defects with x presumably enhances the frequency attempts of Kr jumping from a trap site to another. This is materialized by the increase of D 0 only (see Table 2 and Figure 4b). From x > 0.001, D 0 and E a both increase with x (see Figure 4), indicating respectively that (1) Kr diffusion is enhanced by the increasing concentrations of oxygen interstitial clusters and (2) the clustering changes the proportion of defects depending on the stoichiometry, leading to changes of the dominant defect controlling the migration of Kr.

Conclusion

TDS measurements have been made at 1050 ≤ T ≤ 1300°C on a UO 2 pellet pre-implanted by 2 MeV Kr at 5  10 +13 at.cm -2 . Oxygen additions have been done in operando to regularly increase UO 2+x stoichiometry from 1.3  10 -6 to almost 0.1. Even negligible oxygen additions and consequent deviations of stoichiometry x down to the order of 10 -6 were sufficient to quantitatively enhance the diffusion kinetics of the implanted noble gas. For actual fuels, particularly at high burn-ups [5] or in case of pin fissuration, a significant enhancement of fission gases diffusion and release may thus be observed.

The evolution of the obtained Kr diffusion coefficients as a function of x and T allowed to deduce 5 sets of E a and D 0 values. Through them and with a careful comparison to literature, the structural defects probably controlling Kr and Xe diffusion rates have been identified. The E a value obtained at the lowest stoichiometry (UO 2.00115 ) is similar to that commonly accepted for stoichiometric UO 2 [START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF] and obtained by us on a separate paper [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF]. Therefore, as described and predicted in [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Perriot | Atomistic modeling of out-of-pile xenon diffusion by vacancy clusters in UO 2[END_REF] the diffusion of Kr and Xe for near-stoichiometric uranium dioxide is presumably limited by (V U +V O ) 2- defects. As x increases, so does the concentration of these defects, concomitantly increasing the frequency attempts of Kr jumping from a trap site to another, therefore increasing Kr diffusion kinetics. Since only the frequency attempts increases with x, kinetic diffusion increase is materialized in the Arrhenius equation by the increase of D 0 only while E a stays constant. At 1300°C, we deduce that this mechanism controls Kr diffusion up to x ≈ 0.0007. In a previous work [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF] and in Table 2, we remind that literature data for Kr or Xe diffusion in nominally stoichiometric UO 2 display very large scatter of reported values for D 0 (up to 8 orders of magnitude) while E a values are in a narrower range with a consensus around 3 eV. Based on the present results showing the enhancement of D (and D 0 ) even for minor deviations from stoichiometry, we suggest that the dispersion of fission gases diffusion rates in nominally stoichiometric UO 2 found in literature [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF][START_REF] Matzke | Gas release mechanisms in UO 2 -a critical review[END_REF][START_REF] Lawrence | A review of the diffusion coefficient of fission-product rare gases in uranium dioxide[END_REF][START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF][START_REF] Mansouri | Fission product release from trace irradiated UO 2+x[END_REF][START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF]18,[START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF][START_REF] Une | Microstructural change and its influence on fission gas release in high burnup UO 2 fuel[END_REF][START_REF] Turnbull | The diffusion coefficients of gaseous and volatile species during the irradiation of uranium dioxide[END_REF][START_REF] Cornell | The growth of fission gas bubbles in irradiated uranium dioxide[END_REF][START_REF] Baker | Proc. Int. Conf. on Materials for Nuclear Reactor Core Applications[END_REF][START_REF] Marchand | Xenon migration in UO 2 : A SIMS study[END_REF][START_REF] Barnes | Xenon diffusion in single crystal and sintered UO 2[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Carlot | Détermination des coefficients de diffusion du xénon dans l'UO 2 et l'UO 2 dopé chrome[END_REF][40][START_REF] Kaimal | Temperature dependence of diffusivity of xenon in high dose irradiated UO 2[END_REF] should be due to slight although decisive variations of sample stoichiometry between studies and samples. For hyperstoichiometries higher than ~0.001, as demonstrated by (1) the sudden change in the log(D Kr ) = f(log(x)) correlation shown in Figure 3 at x ≈ 0.0007 at 1300°C, and (2) the progressive increase of E a (Table 2 and Figure 4a), the diffusion-limiting mechanism changes. From the threshold x value around which the mechanism changes at 1300°C and from literature data [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF][START_REF] Soulié | Influence of vibrational entropy on the concentrations of oxygen interstitial clusters and uranium vacancies in nonstoichiometric UO 2[END_REF][START_REF] Caglak | Atomic scale analysis of defect clustering and predictions of their concentrations in UO 2+x[END_REF][START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF][START_REF] Garcia | A defect model for UO 2+x based on electrical conductivity and deviation from stoichiometry measurements[END_REF], we suggest that the mechanism change is related to the rise of oxygen interstitials clustering, facilitating Kr diffusion kinetically although increasing the associated activation energy. Incidentally, this rejects V U as being responsible for controlling fission gases migration in hyperstoichiometric uranium dioxide as argued in [START_REF] Andersson | Atomistic modeling of intrinsic and radiation-enhanced fission gas (Xe) diffusion in UO 2±x : Implications for nuclear fuel performance modeling[END_REF][START_REF] Vathonne | Determination of krypton diffusion coefficients in uranium dioxide using atomic scale calculations[END_REF], this being incompatible with the unrealistic experimental massive formation of V U in UO 2+x [START_REF] Bruneval | Lattice constant in nonstoichiometric uranium dioxide from first principles[END_REF] and our observed increasing of E a with x.

Semi-empirical equations have been developed to allow fission gases diffusion kinetics estimations in UO 2+x for x < 0.1. The equations and associated model should however be refined with additional measurements (other T for 0 < x < 0.001 notably), in order also to assess how the threshold x value or even the diffusion mechanism is influenced by T, possibly elucidating the apparent contradiction of our results with other works done at lower T ranges [START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF]. Additionally, lower temperatures, possibly down to 600°C could be explored, taking advantage of increased kinetics (thus increased release rates from sample) for the high hyperstoichiometries. This could lead to elucidate if an athermal and/or radiation damages driven regime also exists for Xe and Kr diffusion in ion-implanted UO 2+x as in UO 2 [START_REF] Turnbull | The diffusion coefficients of gaseous and volatile species during the irradiation of uranium dioxide[END_REF].

B: Estimation of erosion rates

The sample was weighted before and after its annealings with a 0.1 mg precision scale. A 0.661±0.015% loss was determined, quite unexpectedly since a mass gain from oxygen intake was expected (a maximum of +0.533%, considering UO 2 and UO 2.0954 as starting and final compositions, respectively). Therefore, a maximum total of 1.2% mass has to be accounted for. We hinted that volatilization (i.e. surface sublimation) of UO 2+x under vacuum conditions was to blame, since 1) it is experimentally found to be quantitative for UO 2 from 1300°C according to our previous research [START_REF] Gérardin | Diffusion of Xe and Kr implanted at low concentrations in UO 2 as a function of temperature -An experimental study[END_REF] and 2) UO 2+x sublimation rate is reported to increase with x [START_REF] Williams | Sintering of uranium oxides of composition UO 2 to U 3 O 8 in various atmospheres[END_REF][START_REF] Chapman | Volatility of UO 2±x and phase relations in the system Uranium-Oxygen[END_REF].

Surface erosion by sublimation can be estimated from the following equation, valid for vacuum conditions [START_REF] Andreas | New estimates for the sublimation rate for ice on the Moon[END_REF]:

√( ) (6) 
with R e the sublimation rate in kg.m -2 .s -1 , P sat(x,T) (in Pa thus kg.m -1 .s -2 ) the saturated vapor pressure for UO 2±x for a given set of x and temperature, M W the UO 2 molecular weight (0.270 kg.mol -1

), R the universal gas constant (8.134 kg.m 2 .s -2 .K -1 .mol -1 ) and T in K.

To take into account surface sublimation in our fits, a more practical and meaningful erosion rate e (converted in nm.h -1 ) is determined by:

with ρ UO2 UO 2 's specific mass (10970 kg.m -3

).

From a literature survey, we selected the works of Chapman & Meadows [START_REF] Chapman | Volatility of UO 2±x and phase relations in the system Uranium-Oxygen[END_REF] and of Ackermann et al. [START_REF] Ackermann | High-temperature thermodynamic properties of uranium dioxide[END_REF], being the only ones found having produced experimental P sat(x,T) measurements covering the x and T ranges of our study. We thus determined the following analytical predictive function to estimate e (x,T) :

{ } { } (8) 
with the empirical parameters given in Table 3 and the temperature T in °C. The first bracketed term allows to obtain e for x = 0 [START_REF] Chapman | Volatility of UO 2±x and phase relations in the system Uranium-Oxygen[END_REF][START_REF] Ackermann | High-temperature thermodynamic properties of uranium dioxide[END_REF], while the second bracketed term adds up a sublimation enhancement related to hyperstoichiometry [START_REF] Chapman | Volatility of UO 2±x and phase relations in the system Uranium-Oxygen[END_REF]. This function has been applied to our set of experimental conditions {1050 to 1300°C, x from 0 to 0.0954}. Considering as significant an erosion rate of 0.1 nm.h -1 , erosion has been taken into account in released Kr fractions fitting (see Fitting Model section) for the following conditions: _ 1300°C, even for x = 0 (0.14 nm.h -1 ). _ x = 0.0345 and T = 1200°C _ x = 0.0954 and T ≥ 1100°C

The third set of conditions is actually expected to be responsible of most of the erosion (>99.8%) with the last annealing condition (T = 1300°C, x = 0.0954) emptying the sample of all its remaining Kr totaling ~97% of the expected erosion. The model in Eq. 8 predicts a final 7357 nm erosion per sample face (neglecting erosion by the disk edges) while weight difference including oxygen intake converts into a 6392±84 nm erosion per face (thus a ~13% difference), validating the use of the estimation model in Eq. 8, although corrected with a 6392/7357 adjustment factor.

C: discussion on the validity of the last annealings

When exited from the sample chamber after annealing #27, the Kr-implanted surface was no longer shiny, presumably due to surface volatilization. Looking a posteriori to the controlling Labview interface saved data, we noted that usually the laser power reached in a matter of seconds an equilibrium value to maintain the desired plateau temperature. The exceptions were for #27 {1300°C ; x = 0.0954} and less quantitatively for #26 {1200°C ; x = 0.0954} plateaus: the PID had to steadily increase the laser power all along these couple of hours plateaus to maintain the plateaus temperature (respectively +1.5 and 0.3% power increase). This points out towards volatilization impeding adequate temperature measurements, either directly by changing the sample's emissivity (this parameter being dependent from material roughness or crystalline orientation notably) and/or from volatilized U species deposition on the top viewport (lowering the transmissivity of the viewport, hence both the effective sample emissivity and the transmissivity of the heating laser). Giving that a +13% laser power is required for heating the sample from 1200 to 1300°C, a 0.3% laser power drift is expected to wrongly deviate the sample temperature of only ~2°C, thus the effect is considered negligible for {1200°C; x = 0.0954}. For {1300°C ; x = 0.0954} however the expected deviation is of ~10-15°C. As a consequence it is likely that, aside the strong influence of surface volatilization on the #27 plateau, a progressive deviation from the targeted 1300°C temperature also likely disrupted the experiment, leading us to disregard the results of this last plateau for E a and D 0 determination.

D: selection of Arrhenius plot fitting method

We have tested different fitting methods in order to perform a robust regression and therefore to improve the reliability of our E a and D 0 estimates. These techniques are all variants of linear least squares fitting allowing to weight the fit with Y errors, and possibly with X errors if necessary. Nonetheless, we have checked that the X (temperature) errors were systematic and then taken into account differently. Below is the list of the tested methods:

-Unweighted fit with unit ponderation (no ponderation at all, used as reference) -Weighted fit with Y error only -Weighted fit with X (if needed) and Y error (effective variance) -Williamson method -ODR (Orthogonal Distance Regression)

Least squares calculation of parameters in an overdetermined set of linear equations is a standard feature in the analysis of scientific data.

The common calculation (OLS, for Ordinary Least Squares) is based on the assumption that the uncertainties of the values assigned to the independent (explanatory) variables are negligible compared to the uncertainties of the dependent variables. Consequently, OLS fitting procedures treat the data for explanatory variables as fixed or exact, i.e., not subject to error of any kind. Furthermore, OLS procedures require that the response variables be an explicit function of the explanatory variables and that there is constant variance in their uncertainties (homoscedasticity). This method involves minimizing the sum of squares of the differences (residuals) between the fitted line and the data points in the Y-direction. We generally do not meet these assumptions in most of scientific data and this also is the case for this experimental work.

Unweighted least squares minimizes the mean squared error of the residuals using a linear combination of covariates to estimate the conditional mean of the response.

Weighted least squares can be used when the ordinary least squares assumption of constant variance in the errors is violated (heteroscedasticity). This calculation minimizes the weighted residuals. Several implementations of weighted least squares are available. We have tested the following:

-Effective variance: Britt and Luecke (1973) [START_REF] Britt | The estimation of parameters in nonlinear implicit models[END_REF] present a general solution to this problem involving many variables and nonlinear functions. With a reasonable approximation, it is possible to reduce this general method to the simpler effective variance solution first proposed by [START_REF] Hust | Curve-fitting techniques and applications to thermodynamics[END_REF] [59]. -Williamson method: this calculation is described in [START_REF] Williamson | Least-squares fitting of a straight line[END_REF], and we use the implementation described in [START_REF] Ogren | Applying a simple linear least-squares algorithm to data with uncertainties in both variables[END_REF]. -Orthogonal Distance Regression (ODR): we used the approximation defined in [START_REF] Orear | Least squares when both variables have uncertainties[END_REF] in order to build a usable objective function based on the shortest weighted distance between the data points and the model.

For the last step of the analysis (see Fitting Model Section), we have gathered the different fitting results, which are in very good agreement with each other, indicating that the fitting procedures are consistent. We finally chose the effective variance method [START_REF] Britt | The estimation of parameters in nonlinear implicit models[END_REF], which is able to take into account both X and Y errors (although we only applied Y errors) and which is known to perform a robust least-square minimization. 
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Figure 1 .

 1 Figure 1. a) Kr cumulated released fraction as a function of annealing time. Dots: experimental values; Purple curve: fit result; Blue line: difference between the experimental data and the fitting

Figure 2 .

 2 Figure 2. Diffusion coefficients determined in this study (stars) compared to relevant literature data (vs. experimental data[START_REF] Miekeley | Effect of stoichiometry on diffusion of xenon in UO 2[END_REF][START_REF] Une | Effects of additives and the oxygen potential on the fission gas diffusion in UO 2 fuel[END_REF][START_REF] Kim | Diffusion coefficient of Xe-133 in a SIMFUEL with a low burnup[END_REF][START_REF] Lindner | Diffusion von Xe-133 in Uranoxyd verschiedenen Sauerstoffgehaltes[END_REF][START_REF] Copeland | Experiments to investigate the effects of small changes in fuel stoichiometry on fission gas release[END_REF][START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF][START_REF] Auskern | The diffusion of krypton 85 from uranium dioxide powder[END_REF][START_REF] Carter | Xenon-133 diffusion and trapping in single-crystal uranium dioxide[END_REF] on Kr and Xe diffusion in UO 2+x in a) and vs. published models[START_REF] Kim | Fission gas release from UO 2+x in defective fuel rods[END_REF][START_REF] Dong | Review on models to evaluate coolant activity under fuel defect condition in PWR[END_REF][START_REF] Massih | Fission gas release from irradiated UO 2+x during transient annealing[END_REF] predicting D as a function of x and T in b)). Segments and points' colors give the range of hyperstoichiometry x, according to the color map. D Kr error bars of our results are only given in b) to ease the reading in a).

Figure 3 .

 3 Figure 3. Selection of our experimentally determined log(D Kr ) values as a function of log(x) at 1100 (green), 1200 (orange) and 1300°C (brown) compared with the values obtained from Davies and Long (half-filled hexagons). Hollowed symbols at 1300°C are theoretical points obtained by application of the Arrhenius equation with the D 0 and E a parameters given in Table 2. Error bars are not displayed to lighten the Figure but are given in Table 1. Thin lines are the results of experimental data fittings (regression with weighting by inverse of squared errors), while thicker lines correspond to the application of empirical models: Kim's *45] in brown for 1300°C and ours in purple for 1400°C (Eqs. 3 and 5 and D = D DL for x < 2 × 10 -6 ).

Figure 4 .

 4 Figure 4. Evolution of (a) E a and (b) log(D 0 ) values as a function of log(x) (bottom scale) or x (upper scale). Half-filled hexagons are data points from Davies and Long [31] and serve as reference for strictly stoichiometric UO 2 (x = 0). The black squares are experimental values, while in (b) the hollowed gray squares are deduced from Arrhenius relation with D Kr values #1-#7 in Table1and by considering E a as constant (3.0 eV) as long as x < 0.0007 (schematically expressed in (a) as a grey horizontal dotted line). The vertical red dashed line materializes the approximate x threshold value separating (at 1300°C at least) the two mechanisms governing Kr diffusion kinetics in UO 2+x . The black segments are the results of fits of the experimental data, with the obtained parameters reported in Table2.

  

Table 1 .

 1 Numerical values of diffusion coefficients for Kr in UO 2+x as a function of x and T.

	Annealing	Temperature	Experimental	Diffusion coefficient
	#	(°C)	x	D (m 2 .sec -1 )
	1	1300	1.3 × 10 -6 †	1.28 ±0.09 × 10 -19
	2	1300	1.82 × 10 -6	1.38 ±0.04 × 10 -19
	3	1300	6.37 × 10 -6	2.23 ±0.08 × 10 -19
	4	1300	1.64 × 10 -5	2.45 ±0.11 × 10 -19
	5	1300	3.91 × 10 -5	3.77 ±0.04 × 10 -19
	6	1300	1.10 × 10 -4	4.65 ±0.02 × 10 -19
	7	1300	2.88 × 10 -4	6.59 ±0.05 × 10 -19
	8	1300		1.68 ±0.01 × 10 -18
	9	1250		6.96 ±0.24 × 10 -19
	10	1200		2.89 ±0.09 × 10 -19
	11	1150	0.00115	1.38 ±0.04 × 10 -19
	12	1100		6.26 ±0.23 × 10 -20
	13	1050		2.25 ±0.05 × 10 -20
	14	1200		3.30 ±0.15 × 10 -19
	15 16	1200 1100	0.00428	2.13 ±0.07 × 10 -18 2.89 ±0.48 × 10 -19
	17 18	1200 1100	0.0126	8.10 ±0.31 × 10 -18 9.51 ±0.03 × 10 -19
	19	1200		2.78 ±0.06 × 10 -17
	20 21	1100 1050	0.0345	3.17 ±0.41 × 10 -18 8.6 ±3.6 × 10 -19
	22	1150		1.18 ±0.05 × 10 -17
	23	1100		1.23 ±0.02 × 10 -17
	24	1050		3.65 ±0.20 × 10 -18
	25	1150	0.0954	4.63 ±0.10 × 10 -17
	26	1200		1.67 ±0.04 × 10 -16

Table 2 .

 2 E a and D 0 values determined for the effective Kr diffusion in UO 2+x for various x values, and compared with selected literature data on Kr and Xe diffusion (fissions gases contents and dpa low enough to avoid additional trapping of Xe of Kr).

	x	D 0 (m 2 .sec -1 )	E a (eV)	[Ref.] element -experiment type
	0 (widely accepted reference data)	7.6  10 -10	3.036	[31] Xe -irradiation
	0 (highest literature values)	5  10 -4	3.9	[8] Xe -irradiation
	0 (lowest literature values)	5  10 -12	2.1	[37]/[12] Xe -irradiation
	0 (similar samples, analysis and data treatment as the present study, but	[0.4 : 9.1]  10 -10	3.2 ±0.3	[3] Xe & Kr -implantation
	different heating environment)			
	0.00115	2.6 ±1.5  10 -8	2.91 ±0.07	
	0.00428	1.7 ±1.4  10 -6	3.48 ±0.17	
	0.0126 0.0345 0.0954	4.8 ±3.9  10 -5 3.3 ±2.3  10 -3 5.0 ±3.5  10 -2	3.73 ±0.19 4.11 ±0.08 4.25 ±0.08	[This work] Kr -implantation
	0.00115 ≤ x ≤ 0.0954	log(D 0 ) = 3.34 log(x) + 2.18	E a = 0.70 log(x) + 5.06	
	0.0005	1.2  10 -8	3.18	[11] Xe -irradiation
	0.0006 to 0.001	2.88  10 -1	4.78 ±0.15	[44] Xe -implantation
	0.002 0.004	4.9  10 -8 2.65  10 -8	3.20 2.84	[38] Kr -irradiation
	0.02 0.12	1.85  10 -11 6.3  10 -11 1.00  10 -10	2.2 ±0.2 2.1 ±0.2 2.1 ±0.2	[12] Xe -irradiation [12] Kr -irradiation
	0.1	1.6  10 -9	2.54	[12] Xe -irradiation
	0.021 to 0.24	1  10 -12 to 1  10 -8	1.7 ±0.4	[8] Xe -irradiation
	hyperstoichiometric	6 sets of {D 0 ;E a } provided in their Table 4 [15] Xe -DFT simulation
	hyperstoichiometric	3.07  10 -7	0.73 < E a < 4.09	[16] Kr -DFT simulation

Table 3 .

 3 Empirical parameters of Eq. 7.

	a -7.9288 × 10 -6	a' -8.712 × 10 -3	a" 5.6943 × 10 -4
	b 3.24345 × 10 -2	b' 2.0868 × 10 1	b" -1.2941
	c -2.90734 × 10 1	c' -1.2595 × 10 4	c" 7.7778 × 10 2
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Predictive model

Based on the sample set given in Table 1, Kr (and presumably Xe) effective diffusion rates D (m 2 .sec -1 ) in UO 2+x can be estimated with the following functions: _ Since we cannot extrapolate from the results in the x range {1.3 × 10 -6 -2.88 × 10 -4 } how the D = f(x) will evolve below these x values, and since for UO 2 and UO 2+x with low x values the diffusion mechanisms are likely identical, we define by default that for x < 2 × 10 -6 : D ≈ D DL , with D DL the diffusion coefficient in stoichiometric UO 2 as deduced from Davies and Long [START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF]: D DL = 7.6  10 -10 exp (-3.036/kbT) (with k b the Boltzmann constant in ev.K -1 ). This x = 2 × 10 -6 threshold is determined as the x value for which our fit of the values in the x range {1.3  10 -6 -2.88  10 -4 } in Figure 3 is equal to D DL at 1300°C. _ For T = 1300°C and 2  10 -6 ≤ x ≤ 0.0007, the fit of experimental values (weighted by the inverse of their squared errors) for {x = 1.3  10 -6 -2.88  10 -4 ; T = 1300°C} (Figure 3) gives the following empirical relation for Kr or Xe diffusion:

_ Given that our determined E a for x = 0.00115 is 2.91 eV, very close of the reference values by Davies and Long for supposedly perfectly stoichiometric UO 2 (3.036 eV) [START_REF] Davies | The emission of xenon-133 from lightly irradiated uranium dioxide spheroids and powders[END_REF], and again given that the underlying diffusion-limiting mechanism is unchanged for 0 ≤ x ≤ 0.0007 (Kr diffusion is enhanced only by the increase of attempt frequency, i.e. D 0 , itself augmented by [O I ] increase with x), we can extend this predictive function to neighbor temperatures correcting by the ratio of D DL values at the given temperature T 1 and at 1300°C (1573 K). Thus, again for 2  10 -6 ≤ x ≤ 0.0007:

with T 1 in K, and E a = 3.00 eV to compromise between our value and that of Davies and Long. This model extension should however be treated carefully since T likely has an effect on the threshold x value (as discussed in the previous section).

_ Finally for 0.0007 ≤ x < 0.1, we have from the fits in Figure 3 relations of the type:

, for T = 1300, 1200 and 1100°C.

Fitting the parameters a T and b T as a function of T by respectively a linear and a quadratic function gives the empirical relation below applicable confidently for {0.0007 ≤ x < 0.1 ; 1100 ≤ T ≤ 1300°C}, and that should be applicable to a broader temperature range:

with T in °C. Again, in the absence of further experiments, the lower end of x range for which this model can be applied is estimated to be 0.0007 for 1300°C only and this threshold value likely varies with T.

An application of Equations 3 and 5 is done for example in Figure 3 for 2  10 -6 ≤ x < 0.1 and T = 1400°C, a temperature practically inaccessible with our UHV setup as the erosion by UO 2+x volatilization would be too important. 
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