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ABSTRACT 

A novel out-reactor method has been developed over the past few years for 
investigating the migration behaviour of fission products in oxide nuclear fuels. This 
process allows the effects of thermal diffusion, radiation damage and local segregation 
to be independently assessed. Tailored fission-product concentration profiles are first 
created in the near-surface region of polished wafers by ion implantation. The impact of 
thermal annealing or simulated fission is then precisely determined by depth profiling 
with high-performance secondary ion mass spectrometry (SIMS). Thermal diffusion of 
iodine at a peak temperature of either 1200°C or 1400°C under slightly oxidizing 
conditions to achieve a nominal 0/U ratio of either 2.01 or 2.02 was found to cause an 
increase in both the solubility and diffusion rate of iodine by two orders of magnitude 
compared to stoichiometric fuel. These effects are consistent with the increase in the 
number of uranium lattice vacancies predicted by a thermodynamic model for the defect 
structure of the uraninite lattice. 

1 INTRODUCTION 

The migration and segregation behaviour of fission products in oxide nuclear fuels are 
important factors for assessing performance and safety throughout the nuclear fuel 
cycle [1-4]. Release of inert fission gases from the fuel matrix can be sufficient, at high 
burnup, to cause overpressure strain of the fuel sheath. Several volatile fission 
products, notably iodine, have been implicated in fuel failures caused by stress-
corrosion cracking of the Zircaloy sheath [5]. Release of radionuclides from defected 
fuel elements during reactor operation contributes to activity transport. Accumulation of 
segregated fission products at the fuel grain boundaries and at the fuel-sheath interface 
also enhances the potential for release of radioactivity to the environment throughout 
the nuclear fuel cycle [2-4]. Considerable effort has been expended over the past three 
decades to develop computer codes for predicting fuel performance, but there are still 
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large uncertainties in the experimental data used to calibrate the physical or empirical 
models. 

Migration to the fuel grain boundaries is the first stage, and normally the rate-
determining step, in segregation and release of volatile and noble-gas fission products 
[3]. Three distinct regimes have been recognized for the diffusion of fission products 
within the fuel matrix during reactor operation [6]. These are dependent upon whether 
the two processes necessary for diffusion—formation of vacancies and migration of 
vacancies—are predominantly controlled by thermal activation or radiation [6]. For 
temperatures below -1000 K, migration has been shown to be athermal and directly 
proportional to the fission rate; this radiation-induced diffusion (RID) arises from 
transient thermal-spike and pressure-gradient effects that occur along fission tracks 
[7,8]. True thermal diffusion (TD), in which both the formation of lattice vacancies and 
the movement of fission products are thermally controlled, predominates only above 
-1600 K [6,9]. At intermediate temperatures, fission products can move by thermally 
activated jumps between lattice vacancies created by radiation damage. This is termed 
radiation-enhanced diffusion (RED) [6,8]. Both TD and RED are strongly influenced by 
the stoichiometry of the fuel matrix [9-11], which directly affects the number of 
vacancies [12]. In particular, the concentration of uranium vacancies in UO2+, increases 
rapidly as a function of x and provides an enhanced number of sites that can be 
occupied by migrating fission products [12]. Although modern nuclear fuel is almost 
exactly stoichiometric UO2 (i.e. x = 0) prior to irradiation, excess oxygen can be present 
after extended burnup because the average valence of the combined fission products is 
slightly less than four [1]. Significant oxidation of the fuel in the event of either an 
individual sheath defect or a more serious accident can cause accelerated migration 
and release of fission products. If the solubility limit of a particular fission product in the 
fuel matrix is exceeded, precipitation as microscopic intragranular particles or bubbles 
can occur. These sites act as effective traps or sinks for that fission product, thereby 
inhibiting its migration through the fuel matrix, unless they are disrupted by fission 
spikes—radiation-induced dissolution [13,14]. 

Monitoring the release of radiotracers has been the standard method for assessing 
fission-product migration in nuclear fuels over the past four decades. However, the 
correct interpretation of such data can be very difficult and results spanning many 
orders of magnitude have been reported [6,9,10,15-19]. The Booth model has been 
widely used to analyse release data; it yields an effective diffusion coefficient, D/a2, 
where a is the radius of a hypothetical sphere equivalent to the diffusion volume [20]. 
For experiments on polycrystalline ceramic fuels, evaluating the appropriate value of 
this sphere radius introduces considerable further uncertainty into the final result 
[15,18,21]. Direct measurement of the diffusive spreading of a concentrated source, 
such as a deposited film, which is generally recognized as the only reliable approach for 
determining diffusion coefficients, has historically been applied only to the lattice atoms 
of the oxide nuclear fuels [16,17,19,22]. An improved method for investigating the 
migration behaviour of fission products in UO2 has been developed: changes in tailored 
fission-product distributions, which have been created in the near-surface region of 
polished wafers by ion implantation, as a result of annealing or simulated fission are 
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precisely determined by depth profiling with high-performance secondary ion mass 
spectrometry (SIMS) [23,24]. 

Buried layers of iodine, with near-Gaussian distributions, were created in 
polycrystalline UO2 by ion-implantation to fluences spanning orders of magnitude. 
Diffusive spreading of iodine was induced by annealing under slightly oxidizing 
conditions to achieve a nominal 0/U ratio of either 2.01 or 2.02. The partial differential 
equation that represents Fick's second law was numerically solved (using the 
Mathematica software package from Wolfram Research, Champaign, Illinois) to analyze 
diffusive spreading of the iodine and to determine accurate diffusion coefficients [25]. 
The effects of trapping at defect sites and excess vacancies caused by higher oxygen 
potential during annealing will be illustrated. 

2. EXPERIMENTAL PROCEDURES 

The experiments reported here were performed on polycrystalline UO2 wafers -2 mm 
thick, which had been sintered to -97% of the theoretical density, with polygonal, 
equiaxed grains mainly 5-15µm in size (fuel-grade ceramic). Mechanical damage 
created by polishing one face of each sample to a 0.05µm finish was removed by 
annealing at 1500°C in an atmosphere of Ar-4%H2 [26]. Tailored concentration profiles 
of 1-127 were then introduced into the near-surface region of the polished face by ion 
implantation. Buried layers, with near-Gaussian distributions, at mean projected ranges 
between -80 nm and -165 nm, were created by employing ion-implantation energies in 
the 440 keV to 900 keV range. These layers were produced with a tandem accelerator 
operated by Interface Science Western at the University of Western Ontario (UWO). A 
focussed ion beam was rastered across the sample to ensure uniform implantation, and 
the wafers were later divided in two, three or four pieces to obtain identical duplicate 
samples. The implanted-ion fluence was either 1013 ions/cm2 or 1015 ions/cm2 for the 
present study, but measurements have also been made with 1011 ions/cm2. 

Diffusive spreading of the ion-implanted fission-product layer was induced by 
annealing at temperatures of either 1200°C or 1400°C in a high-density alumina tube 
furnace. The temperature was ramped up and down at a rate of 10°C/min, and was 
held at the maximum value for 150 min. Because of the exponential dependence of TD 
on temperature, lattice migration of iodine during the ramped portion of the anneal 
typically made only a minor contribution to the overall diffusive spreading. A type B 
thermocouple was used to monitor the in-situ temperature. Thermal annealing of the 
implanted samples was done under slightly oxidizing conditions to achieve a nominal 
0/U ratio of either 2.01 or 2.02. 

A coulometric titration system was used to control the oxygen potential during anneals 
of the ion-implanted wafers [27]. The supply gas used was a mixture of 1300 ppm H2 in 
argon. Prior to entering the furnace, the gas mixture was passed through a combination 
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electrolysis and measurement cell where a controlled amount of oxygen was added to 
the gas mixture. After being exposed to the sample at high temperature, the gas 
mixture passed through another electrolysis and measurement cell where the amount of 
oxygen absorbed by the ion-implanted sample was measured. In order to achieve a 
desired 0/U ratio in the ion-implanted sample during the anneal process, standard UO2 
samples of a similar weight and shape to the ion implanted sample were tested to 
determine the oxygen potential required in the furnace [27]. 

The iodine distributions within both diffused and as-implanted samples were 
measured by secondary ion mass spectrometry with a Cameca IMS 6f SIMS instrument 
at Chalk River Laboratories (CRL). A double-focussing magnetic-sector mass 
spectrometer provides high throughput for secondary ions, which are detected with an 
electron multiplier operated in the single-ion counting mode. The pressure inside the 
sample chamber was <10-9 Torr during the analyses. A Cs+ primary-ion beam was 
used to enhance the yield of negative secondary ions when depth-profiling iodine 
(detected as 1) [28]. A focussed 10 keV Cs+ beam, with a diameter of -30µm and a 
current of 50 nA, was rastered over an area of 250µm by 250 lam on the sample 
surface. Secondary ions were efficiently collected, using a 5 kV extraction field, from a 
smaller region (60µm in size) located in the centre of the sputtered area to minimize 
crater-edge effects [28]. 

The depth scale for every profile was subsequently determined by measuring the 
depth of the sputtered crater using a Tencor Alpha-Step 500 stylus profilometer, which 
was routinely calibrated against a thin step-height standard (450±3 nm) from VLSI 
Standards Inc. Significant roughness developed in the bottom of the sputtered craters, 
arising from differences in sputtering rates for the various UO2 grain orientations [23]. 
An average crater depth was then derived from eight line scans recorded across the 
central region of each crater in two different directions. Because about 100 grains are 
included in the analysis area, the effects of different grain orientations should be largely 
averaged out. Depth profiles were always recorded in pairs—one from a 'diffused' 
sample and the other from its as-implanted duplicate—under identical instrument 
operating conditions. In one case, both the reference and annealed samples were 
coated with a very thin film of gold before the SIMS analysis to confirm the absence of 
any artefacts associated with surface charging'. The concentration scale for the as-
implanted sample was determined from the integrated area under the profile and the 
known implantation fluence [28]. A relative sensitivity factor (RSF) for I normalized to a 
matrix species could then be derived for these analytical conditions [28]. Finally, 
application of this RSF to the profile for the 'diffused' sample allowed its concentration 
scale to be calibrated—independent of any loss due to volatilization from the surface. 

Nearly stoichiometric uranium dioxide is a p-type semiconductor in which the majority charge carriers 
(holes) migrate by a small polaron hopping process [29]. Because the concentration of charge carriers 
is also a function of the stoichiometry, coating both reference and annealed wafers with a thin film of 
gold provides additional confidence that the results have not been influenced by surface charging 
effects. 
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Generally good agreement was obtained using U, UO and UO2 as the matrix species for 
the RSF normalization. 

Diffusion coefficients have been derived from the measured diffusive spreading of the 
implanted-ion distributions by numerically solving the partial differential equation that 
represents Fick's second law (using the Mathematica software package from Wolfram 
Research, Champaign, Illinois) [25]. 

3. RESULTS AND DISCUSSION 

The impact of thermal annealing at 1400°C for 150 min under slightly oxidizing 
conditions (sufficient to produce UO2.02) on the distribution of iodine ion-implanted into 
polycrystalline UO2 at 440 keV to a fluence of 1x1013 ions/cm2 is illustrated in Figure 1. 
Duplicate profiles recorded from the as-implanted as well as the annealed and oxidized 
samples demonstrate excellent reproducibility. Pronounced migration of iodine into the 
bulk matrix has clearly been achieved here over the entire implanted-ion distribution. 
Previous studies of stoichiometric UO2 had revealed that iodine was trapped above 
concentrations of about 1016 atoms/cm3 and migration was observed only in the tail of 
the distribution [24,30]. As illustrated in Figure 2, iodine remains trapped over the peak 
of the distribution at concentrations above 1016 atoms/cm3 even after extended 
annealing at high temperatures under reducing conditions, although the peak 
concentration did decline due to loss from the surface as a result of radiation-enhanced 
diffusion associated with lattice vacancies created during the implantation process 
[23,24]. The maximum iodine concentration at the peak of the as-implanted reference 
profile in Figure 1 (about 9x1017 atoms/cm3) is well above the threshold level 
(-1016 atoms/cm3) identified for defect trapping [24,30]. Furthermore, a simple diffusion 
analysis, with a constant diffusion coefficient of 2x10-13 cm2/s over the entire depth, 
provided a reasonable fit to the altered distribution, which is two orders of magnitude 
greater than the corresponding value (3x 10-15 cm2/s) determined for stoichiometric UO2
at 1400°C [24,30,31]. 

A thermodynamic model of the defect structure of the fluorite lattice predicts equilibria 
between the various types of defects (oxygen interstitials, uranium lattice vacancies, 
etc.) [12]. The fraction of uranium lattice sites that are vacant in UO2+, can then be 
directly related to the degree of hyperstoichiometry by the following expression: 

Vu = x2.exp[-(AGs - 2AGF0)/kT] (1) 

where AGs is the free energy of formation for a Schottky trio (a neutral trivacancy 
consisting of one uranium vacancy and two oxygen vacancies), AGFO is the free energy 
of formation for an anti-Frenkel defect (an oxygen vacancy plus an oxygen interstitial), k 
is the Boltzmann constant and T is the absolute temperature. Thermodynamic data 
taken from the literature (AGs = 6.2-6.4 eV and AGF0 = 3.0-3.1 eV) were used to 
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of formation for an anti-Frenkel defect (an oxygen vacancy plus an oxygen interstitial), k 
is the Boltzmann constant and T is the absolute temperature.  Thermodynamic data 
taken from the literature (∆GS = 6.2-6.4 eV and ∆GFO = 3.0-3.1 eV) were used to 
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calculate Vu for the conditions of the experiment in Figure 2 (x = 0.02 and T = 1673 K) 
[32-34]. The absolute number density of uranium lattice vacancies, Nvu, could then be 
estimated (from Nvu = Vu•Nu where Nu is the number density of uranium atoms in UO2) 
to be about 1018 vac/cm3, which is just above the peak concentration of the as-
implanted iodine distribution in Figure 1. A similar calculation for pure, stoichiometric 
UO2 (without implanted iodine) yielded a much smaller concentration of uranium lattice 
vacancies at 1400°C (Nvu - 101i vac/cm3) [12]. 
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[32-34].  The absolute number density of uranium lattice vacancies, NVU, could then be 
estimated (from NVU = VU·NU where NU is the number density of uranium atoms in UO2) 
to be about 1018 vac/cm3, which is just above the peak concentration of the as-
implanted iodine distribution in Figure 1.  A similar calculation for pure, stoichiometric 
UO2 (without implanted iodine) yielded a much smaller concentration of uranium lattice 
vacancies at 1400°C (NVU ~ 1013 vac/cm3) [12]. 
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The effects of thermal annealing at 1400°C for 150 min under slightly oxidizing 
conditions (sufficient to produce UO2.02) on the depth distribution of iodine ion-implanted 
into polycrystalline UO2 crystal at 440 keV to a fluence of 1 x1018 ions/cm2 are illustrated 
in Figure 3. Diffusive spreading of iodine is dramatically less pronounced here than was 
observed for the lower fluence case above (compare Figure 3 with Figure 1); instead, 
trapping effects clearly predominate over the peak of the distribution. The solubility limit 
for iodine in UO2.02 has evidently been exceeded at concentrations above 
-1018 atoms/cm3, consistent with the estimated number density of uranium lattice 
vacancies under these conditions. Although there is some evidence of iodine migration 
on the backside of the profile, diffusive spreading in the tail of the distribution is 
surprisingly limited. The explanation for this behaviour is not apparent. 

Thermal diffusion of iodine, ion-implanted into polycrystalline UO2 at 440 keV to a 
fluence of 1 x1013 ions/cm2, at 1200°C for 150 min under slightly oxidizing conditions, 
sufficient to produce UO2.01, is illustrated in Figure 4. Duplicate profiles recorded from 
the as-implanted as well as the annealed and oxidized wafer again show excellent 
reproducibility. Diffusive spreading of the iodine is less pronounced here than was 
observed after the 1400°C anneal of an equivalent sample oxidized to UO2.02 (compare 
Figure 4 with Figure 1). Furthermore, there are some indications of trapping effects (the 
appearance of a flattened peak shifted towards the surface) right at the peak of the 
distribution, which suggests that the solubility limit was just exceeded at the maximum 
iodine concentration. This would be consistent with the fact that the number density of 
uranium lattice vacancies estimated using Equation (1) for the present conditions 
(1200°C and x = 0.01) is about a factor of five smaller than the value derived above 
(-1018 vac/cm3 for 1400°C and x = 0.02). An approximate fit to the backside of the 
profile (with Mathematics) yielded a diffusion coefficient of 3.3x10 14 

cm2/s, which is two 
orders of magnitude greater than the corresponding value (3.5x10-16 cm2/s) determined 
for stoichiometric UO2 at 1200°C [31]. Furthermore, the mean diffusive spreading 
measured from the profiles in Figure 4 (0.15 µm) yields an estimated diffusion 
coefficient for iodine in UO2.01 of 1.3x10 14 

cm2/s (from the D = (<X>)2/(2.t) relationship 
derived by random-walk theory applied to the individual jumps over atomic distances, 
which has been found to provide a good estimate of diffusion coefficients [31,32]). 

4. CONCLUSIONS AND FUTURE WORK 

The combination of coulometric titration and ion-implantation/SIMS analyses has been 
shown to offer great potential for quantitatively determining the impact of 
hyperstoichiometry on iodine migration. Pronounced changes in iodine solubility as a 
function of the number of uranium lattice vacancies are clearly as important as 
enhanced thermal diffusion rates for influencing overall mobility and segregation 
tendency. Measurement of fission-product solubility at such low levels would be 
problematic using classical methods [1]. 
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conditions (sufficient to produce UO2.02) on the depth distribution of iodine ion-implanted 
into polycrystalline UO2 crystal at 440 keV to a fluence of 1×1015 ions/cm2 are illustrated 
in Figure 3.  Diffusive spreading of iodine is dramatically less pronounced here than was 
observed for the lower fluence case above (compare Figure 3 with Figure 1); instead, 
trapping effects clearly predominate over the peak of the distribution.  The solubility limit 
for iodine in UO2.02 has evidently been exceeded at concentrations above 
~1018 atoms/cm3, consistent with the estimated number density of uranium lattice 
vacancies under these conditions.  Although there is some evidence of iodine migration 
on the backside of the profile, diffusive spreading in the tail of the distribution is 
surprisingly limited.  The explanation for this behaviour is not apparent. 
 
Thermal diffusion of iodine, ion-implanted into polycrystalline UO2 at 440 keV to a 
fluence of 1×1013 ions/cm2, at 1200°C for 150 min under slightly oxidizing conditions, 
sufficient to produce UO2.01, is illustrated in Figure 4.  Duplicate profiles recorded from 
the as-implanted as well as the annealed and oxidized wafer again show excellent 
reproducibility.  Diffusive spreading of the iodine is less pronounced here than was 
observed after the 1400°C anneal of an equivalent sample oxidized to UO2.02 (compare 
Figure 4 with Figure 1).  Furthermore, there are some indications of trapping effects (the 
appearance of a flattened peak shifted towards the surface) right at the peak of the 
distribution, which suggests that the solubility limit was just exceeded at the maximum 
iodine concentration.  This would be consistent with the fact that the number density of 
uranium lattice vacancies estimated using Equation (1) for the present conditions 
(1200°C and x = 0.01) is about a factor of five smaller than the value derived above 
(~1018 vac/cm3 for 1400°C and x = 0.02).  An approximate fit to the backside of the 
profile (with Mathematica) yielded a diffusion coefficient of 3.3×10-14 cm2/s, which is two 
orders of magnitude greater than the corresponding value (3.5×10-16 cm2/s) determined 
for stoichiometric UO2 at 1200°C [31].  Furthermore, the mean diffusive spreading 
measured from the profiles in Figure 4 (0.15 µm) yields an estimated diffusion 
coefficient for iodine in UO2.01 of 1.3×10-14 cm2/s (from the D = (<X>)2/(2.t) relationship 
derived by random-walk theory applied to the individual jumps over atomic distances, 
which has been found to provide a good estimate of diffusion coefficients [31,32]). 
 
 
4. CONCLUSIONS AND FUTURE WORK 

 
   The combination of coulometric titration and ion-implantation/SIMS analyses has been 
shown to offer great potential for quantitatively determining the impact of 
hyperstoichiometry on iodine migration.  Pronounced changes in iodine solubility as a 
function of the number of uranium lattice vacancies are clearly as important as 
enhanced thermal diffusion rates for influencing overall mobility and segregation 
tendency.  Measurement of fission-product solubility at such low levels would be 
problematic using classical methods [1]. 
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Because the diffusion rate of oxygen through the uraninite lattice is many orders of 
magnitude faster than that of fission products [12,16,17], the stoichiometry within the 
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shallow layer containing the implanted-ion distribution should remain uniform throughout 
the anneal at peak temperature. If the reaction kinetics at the surface are sufficiently 
slow [35], however, there could be some increase in the 0/U ratio over the isothermal 
stage as well as during the initial upward ramp. Further evaluation of the oxidation 
process is warranted, which could lead to refinement of the coulometric titration strategy 
to optimize the experiment. 
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