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Abstract

A novel out-reactor method has been further developed for investigating the migration behaviour of fission ptoducts
in UO; nuclear fuel, which allows the effects of thermal diffusion, radiation damage and local segregation to be in-
dependently assessed. Tailored concentration profiles of any desired species are first created in the near-surface region
of polished samples by ion implantation. The impact of either thermal annealing or simulated fission is then precisely
determined by depth profiling with high-performance secondary ion mass spectrometry (SIMS). Comparison of iodine
migration in UQ, wafers that had been ion-implanted to fluences spanning five orders of magnitude has revealed subtle
radiation-damage effects and a pronounced concentration dependence for thermal diffusion. At concentrations above
~10" atoms/cm’ much of the iodine became trapped, likely in microscopic bubbles. True thermal diffusion coefficients
for iodine in polycrystalline UO; have been derived by modelling the low-fluence data. © 2001 Published by Elsevier
Science B.V. .

PACS: 61.72.~y; 61.80.-x; 66.30.~h; 82.80.Ms

L. Introduction [2-4). Although considerable eflort has been expended
over the past three decades to develop computer codes
The migration and segregation behaviour of fission for predicting fuel performance under normal and off-
products in oxide nuclear fuels are controlling factors normal operating conditions, there is still room for im-
for performance and safety throughout the nuclear fuel provement in the physical models and the experimental
cycle [1-6]. Releasc of the fission gases Xe and Kr from databases used for this purpose.
the fuel matrix can be sufficient at high burnup to cause Migration to the fuel grain boundaries is the first
overpressure swelling of the fuel element. Several of the stage, and normally the rate-limiting step, in any
volatile fission products, most notably iodine, were im- mechanistic model of fission-product segregation and
plicated in an epidemic of fuel fuilures caused by stress- release [3). Three distinct regimes have been recognized
corrosion cracking of the Zircaloy sheath during the for diffusion of fission products within UO, fuels during
carly operation of power reactors {5). Transport of fis- reactor operation. These are dependent upon whether
sion products from defected fuel clements throughout the two processes necessary for diffusion — formation of
the heat-transport system ol operating reactors can vacancies and migration of vacancies - are predomi-
contribute significantly to occupational radiation expo- nantly controlled by thermal activation or radiation [7).
sures. Accumulation of segregated fission products on For temperatures below ~1000 K. diffusion has been
the UO, grain boundaries and at the fucl-sheath inter- = shown to be athermal and directly proportional to the
face also greatly enhances the potential for release of fission rate; this radiation-induced dilfusion (R1D) arises
radioactivity to the environment during postulated ac- from transient thermal-spike and pressure-gradient
cidents and from spent fuel in storage or after disposal effects that occur along fission tracks [8-10]. True ther-

mal diffusion (TD), in which both the formation and
migration processes arc thermally controlled, predomi-
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jumps between these lattice sites — providing radiation-
enhanced diffusion (RED) (7,11). The non-equilibrium
vacancy concentration is determined by thermal an-
nealing as well as the fission rate. Both TD and RED
can be strongly influenced by the stoichiometry of
the UO,,, matrix (aflects vacancy population) and
the concentration of impurities (burnup) {t1-23]. If the
solubility limit of a particular fission product in the
uraninite lattice is exceeded, precipitation as microscopic
intragranular particles or bubbles can occur. These serve
as effective traps or sinks for that fission product,
thereby inhibiting migration through the fucl matrix,
unless they are disrupted by fission spikes (radiation-
induced re-solution) [24,25). ‘

The diffusion of fission products in UO; nuclear fuels
has been the subject of more than a hundred investiga-
tions over the past four decades [7,11-23}. Particular
attention has been focussed on the fission gases Xe and
Kr, but a number of studies of other volatile fission
products have also been reported. Measurements have

been performed on irradiated materials with burnups

spanning about nine orders of magnitude (10"
10% fissions/cm’) and extended to even higher equiva-
lent levels by ion implantation {7,11,16,18,23,26].
Although thermal annealing of previously irradiated or
ion-implanted samples has been the more commonly
used approach [12-23,26], several in-reactor studies have
been conducted as well {7,11). Aside from one microp-
robe analysis of Cs and Xe gradients within individual
grains of irradiated fuel [27), diffusion information has
always been derived from measurements of fission-
product release, which can be very difficult to interpret
properly [15,18,21]. The Booth model has normally been
used o analyze the release data obtained from irradiated
materials; it yields an effective diffusion coefficient, D/a?,
where a is the radius of a hypothetical sphere equivalent
to the diffusion volume [26,28). For typical polycrystal-
line ceramic samples, evaluating the appropriate value of
this sphere radius introduces considerable additional
uncertainty into the final result {15,18,26]. Significant
artefacts have also been encountered in studies of the
release of ion-implanted radiotracers from polished UO;
wafers [29]. Direct measurement of the diffusive
spreading of a concentrated source, such as a deposited
film, has gencrally been considered the only reliable
technique for determination of diffusion cocfficients
[18,21-23). This approach has previously been applied
only to the lattice constituents (oxygen and actinides) of
the oxide nuclear fuels [21,23.30--36].

A novel method that has been developed for inves-
tigating the migration behaviour of fission products in
UQO: nuclear fuels is iflustrated further here [37]. Pro-
gressive changes in the concentration profiles of ion-
implanted fission products arc preciscly determined by
depth profiling with high-performance sccondary ion
mass spectrometry (SIMS). The impact of thermal dif-

fusion, radiation damage and local segregation can be
independently assessed. Although the potential of the
method has now been demonstrated for several fission
products, this paper will focus on iodine. lon irhplan-
tatton has been extensively used to study diffusion of
fission products in oxide nuclear fuels; however, only the
release of radiotracers was previously monitored (see
references cited in [29]). Despite the fact that it has been
well recognized as a powerful technique for character-
ization of diffusion profiles [38,39], application of SIMS
has been limited to the lattice constituents (not ion-
implanted) of the oxide nuclear fuels {33,34,36).

2. Experimental procedures

The experiments reported here were mostly per-
formed using polycrystalline UO, wafers, ~2 mm thick
and ~1.2 cm in diameter, which had been sintered to
~97% of the theoretical density, with polygonal, equi-
axed grains, mainly 5-15 pym in size (fuel-grade ceramic).
A substantial number of additional samples have also
been fabricated from 3 at.% bumup SIMFUEL [40] and
UOQ, single crystals; however, only preliminary studies
have been conducted so far on either of these materials.
Mechanical damage created by polishing one face of
cach sample to a 0.05 um finish was removed by thermal
anncaling at 1500°C in an atmosphere of Ar-4%H, [41].
Tailored concentration profiles of stable isotopes of
various fission products (including Rb, Kr, Cs, Xe, Eu
and Er as well as I) were then introduced into the near-
surface region of the polished face by ion implantation.

Thin altered surface films extending to depths of only
~20 nm were obtained by 40 keV jon implantation using
an electromagnetic mass separator (at CRL) [29]. Buried
layers, with ncar-Gaussian distributions of fission
products, at mean projected ranges of ~75 or ~150 nm,
were created by employing ion-implantation energies
from 300 keV to 1 MceV, These were initially produced
with a Pelletron (at CRL) and later with a tandem ac-
celerator {operated by Interface Science Western at the
University of Western Oatario). In all cases, the fo-
cussed ion beam was rastered across the sample to en-
sure uniform implantation and the wafers were divided
in two (or sometimes three) to obtain identical duplicate
samples. The implanted-ion fluence was varied over
five orders of magnitude, from 1.0 x (0" (o0 1.0 x
10" jons/cm’.

Diffusive spreading of the ion-implanted fission-
product tayer was caused by either thermal annealing or
fission-fragment radiation damage. Thermal anncaling
was performed in a high-density alumina tube furnace at
peak temperatures between 1200°C and 1650°C for pe-
riods ranging from 10 min to 24 h. A wype B thermo-
couple was used to monitor the temperature in situ, The
oxypen potential within the tube furnace was controlied
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by a flowing gas mixture of Ar-4%H;. which should
preserve an almost exactly stoichiometric UO; compo-
sition {15}. Fission-fragment radiation was simulated by
72 MeV iodine-ion bombardment using a tandem ac-
celerator (at CRL).

The distributions of fission products within both
diffused and as-implanted samples were depth-profiled
using a Cameca IMS 6f SIMS instrument, which had
been customized for safe handling of radioactive mate-
rials. A double-focussing magnetic-sector mass spec-
trometer provides high throughput for secondary ions,
which are detected with a channel-electron multiplier
operated in the single-ion counting mode. The pressure
inside the sample chamber was <10~ Torr during the
analyses. A Cs* primary-ion beam was used to enhance
the yield of negative secondary ions when depth profil-
ing iodine (detected as I7), whereas sputtering with Oy
or O~ is normally employed for analysis of electropos-
itive fission products (42]. The focussed 10 keV Cs*
beam, with a diameter of ~30 pm and a current of 30-
100 nA, was rastered over an area of 250 pm by 250 pm
on the sample surface. Secondary ions were efficiently
collected, using a 5 kV extraction field, from a smaller
region (60-100 ym in size) located in the centre of the
sputtered area to minimize crater-edge effects {42}, For
the low-fluence implants, sensitivity was optimized by
selecting a large secondary-ion energy range (~50 e¢V)
spanning the main part of the energy distribution curve
[42). For the high-fluence implants, sensitivity was in-
tentionally degraded somewhat - to avoid saturating the
detection system — either by selecting a narrower energy-
acceptance window and/or by shifting this window to
higher secondary-ion energies, where the yield is much
lower.

The depth scale for every sputter profile was subse-
quently determined by measuring the crater depth using
a Tencor Alpha-Step 500 stylus profilometer, which was
routinely calibrated against a thin step-height standard
(450 £ 3 nm) purchased from VLSI] Standards. Signifi-
cant roughness developed in the bottom of craters
sputtered in polycrystalline samples, arising from dif-
ferences in sputtering rates for the various UQ, grain
orientations [37]. An average crater depth was then de-
rived from a minimum of six line scans recorded across
the central region of each crater in two different direc-
tions. Because ~100 grains arc included in the analysis
area, the effects of different grain oricntations should be
largely averaged out. Depth profiles were always re-
corded in pairs - one from a diffused sample and one
from its as-implanted duplicate  under identical oper-
ating conditions. The concentration scale for the as-
implanted sample was determined from the integrated
area under the profile and the known implantation flu-
ence [42]. A relative sensitivity factor (RSF), for I~
normalized to a matrix species, could then be derived
that was appropriate under these conditions [42).

Finally, application of this RSF to the profile for the
diffused sample allowed its concentration scale 1o be
calibrated - independent of any loss of iodine due to
volatilization from the surface. Generally good agree-
ment was obtained using U”, UO" and UO, as the
matrix species for the RSF normalization (data reposted
here arc based upon UQ’, but U gave almost identical
results).

3. Results and discussion

Ilustrative SIMS depth profiles of '?71 that had been
ion-implanted in polycrystalline UO, at 900 keV to a
fluence of 1 x 10" jons/cm? are displayed in Fig. 1. The
changes observed here in the iodine depth distribution
after thermal annealing at 1650°C are indicative of three
separate diffusion phenomena. Migration of the iodine
toward greater depths in the tail of the profile, which
increases as a function of the annealing time, is consis-
tent with thermal diffusion. For jodine concentrations
above ~10'¢ atoms/cm’, there is no evidence of diffusive
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Fig. 1. Suite of SIMS depth profiles of '**§ that had been ion-
implanted in polycrystalline UQ; at 900 keV 1o a fluence of
! x 10" ions/cm:: the as-implanted distribution as well as the
changes caused by thermal annealing at 1650°C: for 1530 min and
then 24.5 h are shown. The numbers in parentheses are the
retained fluences.
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spreading into the bulk matrix, which indicates trapping
at relatively immobile defect sites. Finally, shifting of the
peak in the iodine distribution toward the surface after
the first anneal has been interpreted in terms of a spe-
cialized form of RED associated with lattice vacancies
created during the implantation process {37].

A threshold of ~10' atoms/cm’ for iodine trapping
in UQ; has be¢n confirmed through several additional
experiments performed on single<crystal as well as
polycrystalline samples using a range of annealing pe-
riods (10 min-24 h) and temperatures (1200-1650°C). At
a concentration of 10! atoms/cm’, the mean distance
between as-implanted iodine atoms is ~45 nm, which is
more than the estimated mean diflusion distance at the
lower temperatures and shorter times. A threshold of
~10' fissions/cm’, which represents a burnup of only
~0.01 MW hkg U, has also been found for trapping of
xenon during post-irradiation thermal annealing of sin-
glecrystal and polycrystalline UO, samples [16,18,23).
This corresponds to a xenon concentration of only
~3 x 10" atoms/cm’, because xenon represents ~15%
of the total fission-product inventory and each fission
creates two fragments, but the combined concentrations
of all fission products with negligible solubility in the
uraninite lattice would still exceed 10 atoms/cm’.
Trapping of insoluble diffusing species is controlled by
the abundance of defects in the matrix as well as the
concentration of impurities {16). The lowest energy site
for both iodine and xenon atoms in the UQ; lattice is a
uranium vacancy combined with one or two oxygen
vacancies, and a second uranium vacancy is thought to
be involved in the migration process {43-48); however, a
cluster of more than two uranium vacancies (along with
associated oxygen vacancies) would provide an effective
trap for insoluble fission products. Unless they are oc-
cupied by impurity atoms and/or coalesce into micro-
scopic pores, small vacancy clusters will mostly be
annihilated at temperatures where thermal diffusion is
appreciable through recombination with uranium and
oxygen interstitials (49]. The energy of fission products
(67-95 MeV) is predominantly transferred to the fuel
matrix via electronic excitations (~95%), whereas ion
implantation a1 ~1 MeV involves substantial nuclear
stopping (~50%). Calculated estimates of the initial
number of uranium vacancies created by these two
processes differ by only about one order of magnitude
{~27000 per fission versus ~2100 per 900 keV implanted
I ion) (8.50.51]. Furthermore, thermal-spike and pres-
surc-gradient effects along fission tracks have been
shown to anneal out ~80% of the initial defects [R,50].
Although thermal-spike effects have been inferred for
less encrgetic ions as well [29]. lattice-damage measure-
ments indicate that the recombination efficiency is con-
siderably lower within the nuclear-stopping regime
(8.52]. These considerations provide a plausible rationale
for why the two quite different processes for introducing

insoluble impurities into the UO; matrix - fission and
ion implantation at <i MeV - should provide compa-
rable trapping thresholds.

Penetration of 900 keV '*’[ ions into a UQ, matrix
has been modelled using the SRIM-2000 simulation
code, which is based upon a quantum mechanical
treatment of ion-atom collisions {51}: calculated depth
distributions of implanted iodine atoms and lattice va-
cancies have been reproduced in Fig. 2. The mean pro-
jected range of the iodine here (150 nm) agrees well with
the peak in the depth distributions measured by SIMS
for the as-implanted standard (143 nm with a 3 nm
standard deviation of the mean). Damage caused by
recoil collisions is greatest at shallower depths than the
iodine mean projected range: the calculated populations
of uranium and oxygen vacancics both reach their
maximum within 100 nm of the surface. Preferential
migration of iodine from greater depths into this high-
damage zone would cause not only the measured shift in
the peak position but also the observed asymmetry in
the profile (see curve for 150 min anneal in Fig. I).
Additional experiments conducted using lower temper-
atures and shorter annealing times {on polycrystalline
UOQ; samples ion-implanted with 'l to a Auence of
1 x 10" jons/cm?) revealed that the directed migration
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Fig. 2. Dcpth distributions of implanted iodine atoms and

lattice vacuncies in a3 UO, matrix cilculated using the SRIM-
2000 simulation code for 900 keV '**I jon bombardment.
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started near 1200°C and was fully developed after 10
min at 1465°C {37]. This is consistent with the expecta-
tion that the radiation damage to the uranium lattice
should be largely removed by annealing at these lower
temperatures {49). Evidently, the redistribution toward
the surface seen in Fig. | must have occurred rapidly
during the initial stages of the first anneal before most of
the iodine became trapped. Prolonged annealing at
1650°C (curve for 24.5 h in Fig. 1) caused a modest
further reduction in the integrated iodine concentration
and significant restoration of the profile symmetry,
which can be reasonably attributed to release of iodine
from the surface (but see also below).

Depth profiles of '¥' that had been ion-implanted in
polycrystalline UO, to a fluence of 1 x 10' jons/cm’
are shown in Fig. 3. No evidence of thermal diffusion of
iodine into the bulk is seen here, even after the 1650°C
anneal - consistent with the trapping threshold of
~10' atoms/cm® found above. These data were col-
lected using conditions optimized for the peak iodine
concentration, but it is unlikely that sufficient dynamic
range could have been achieved with maximum sensi-
tivity to follow the jodine below 10' atoms/cm’ in the
tail of the distribution [42). A small shift in the peak of
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Fig. 3. Suite of SIMS depth profilcs of '**1 that had been ion-
implanted in po\ycrystauinc UO: at 930 keV to s fluence of
I x 10'® ions/em®; the as-implanted distribution as well as the
changes caused by thermal anncaling at 1200°C for 10 min and
then at 1650°C for 120 min are shown.

the iodine distribution toward the surface is already
apparent in Fig. 3 after the short initial anneal at
1200°C. This again becomes more pronounced following
the 1650°C anneal, but is now accompanted by a moare
significant decrease in the integrated iodine conceptra-
tion (compare Figs. | and 3). Enhanced release of iodine
from the surface because of the greater damage caused
by the higher fluence is likely; however, coalescence of
iodine traps into microscopic bubbles also now seems
probable. Formation of bubbles several nanometres in
size has been previously demonstrated (using transtnis-
sion electron microscopy) within UO, single crystals
that had been ion-implanted with '’ at 40 keV to a
fluence of 10" jons/cm® and then annealed at temper-
atures up to 1500°C [53). During the SIMS depth pro-
filing, the yield of I~ ions from such bubbles would
almost certainly be different from, and most likely lower
than, the yield of I™ ions from individual iodine atoms
or clusters trapped in the UO; matrix,

Clear thermal diffusion of iodine into the bulk UO,
matrix is illustrated in Fig. 4, which displays depth
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Fig 4. Depth profiles of 'l as-implanted in polycrystalline
UO: at Y00 keV to a fluence of 1 x 10" jonsfem® and after
thermal annealing either at 1400°C for 150 min or at 1650°C for
150 min and then 24 h. The profile following the second anneul
at 1650°C has not been shown beyond a depth of ~0.6 pm for
clarity (it converges on the as-implanted prolile). A diftusion
model prediction for the 150 min anncal at 1650°C has also
been displayed.
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profiles of '¥'1 as-implanted at 900 keV to a Auence of
I x 10" jons/cm’ and after thermal annealing either at
1400°C for 150 min or at 1650°C for 150 min and then
24 h. The peak iodine concentration here
(<S5 x 10" atoms/cm®) is below the trapping threshold
identified above (~10' atoms/cm’). Duplicate profiles
collected from the anncaled samples demonstrated cx-
cellent reproducibility. Although the effective iodine
diffusion distance for the lower temperature anneal is
still only a fraction of the mean implanted depth, there is
no doubt that the entire profile shape has been allected.
The higher temperature and longer annealing period
caused a progressive increase in the extent of the iodine
redistribution.

.Diffusive spreading of the low-fluence iodine im-
plants was modelled initially using the Mathcad soft-
ware package (Mathsoft, Cambridge, MA, USA); an
analytical solution for diffusion of an arbitrary distri-
bution of solute into a semi-infinite medium, with solute
evaporation from the surface in proportion to the con-
centration there, was adapted from the heat-flow for-
mula of Carslaw and Jaeger [54]. The same result was
subsequently achieved by numerically solving Fick’s law
(differential equation) using the Mathematica software
package (Wolfram Research, Champaign, 11.). As il-
tustrated in Fig. 4 for the 150 min anneal at (650°C,
reasonably good fits to the altered iodine distributions
could be achieved. Thermal difusion coefficients of
3x 10" and 5x 10-* cm?/s were thus obtained for
1400°C and 1650°C respectively; however, these num-
bers are regarded as preliminary until confirmed by
further experiments and a more thorough overall as-
sessment. The smaller coefficient falls at the low end of
the range of previously reported values derived from in-
reactor iodine release measurements at 1400°C, which
span two orders of magnitude [7,11.55], but nearly
coincides with selected results (4 x 10°" and S x
10" ecm®/s) for small UO, single crystals [7]. This
agreement may be partly fortuitous as the in-reactor
migration data reflect the competing influences of trap-
ping and radiation-enhancement on therma! diffusion,
Post-irradiation measurements of iodinc release (rom
polycrystalline samples have been performed at higher
temperatures, but even the derived D/a* values span
three orders of magnitude and there is the additional
uncertainty of choosing an appropriate radius for the
Booth spheres [15.26,56). A recent theoretical analysis of
iodine migration in UO; concluded that the controlling
process would likely be uvranium self-diffusion and in-
ferred rather smaller diffusion coefficients [48).

The impact of bombardment with 72 McV indine
ions on the depth distribution of '**I that had been
previously ion-implanted at 930 keV to a fluence of
I x 10" ions/em” is shown in Fig. 5. A linear-log
background has been subtracted from the aliered
profiles to correct for a slight execess of iodine in this
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Fig. S. Depth profiles of '¥I as-implanted in polycrystalline
UO; at 930 keV to a fluence of [ x 10" jons/em’ and after
irradiation with "I at 72 MeV to fluences of 5 x 10" and
5 x 10" ions/cm®’. A lincar-log background has been sub-
tracted from the altered profiles.

region arising from the high-energy ion bombardment.
Although the vast majority of the 72 MeV iodine ions
come to rest within 1 pm of the mean projected
range (6.3 pm), there is a long tail on the distribution
that extends right back to the surface owing to oc-
casional direct-impact collisions with the nuclei of
lattice atoms. The observed spreading of the im-
planted-ion profile, which increases as a function of
the 72 MeV ion fluence, provides an explicit demon-
stration of RID. Migration of iodine here at concen-
trations well above the defect-trapping threshold
identified for thermal diffusion is a further indication
of the importance of radiation-damage eflects for fis-
sion-product segregation. Approximate fits of the
profiles in Fig. 5 over the 0.05-0.4 pum depth range
yielded D't values of ~7 x 10 '* and ~2 x 10 " o’
for the low-fluence and high-fluence irradiation rc-
spectively, where D° is an effective diffusion cocflicient
for RID and r is time. At greater depths the altered
distribution profiles are rather uncertain because ol
the background subtraction and there may also be
some contribution from recoil implantation caused by
dircct-impact collisions.
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The RID cocfficient for in-reactor fission has been
shown to be independent of temperature and directly
proportional to the fission rate, D* = A(f/t), where [ is
the number of fissions per unit volume and 4 is a con-
stant with units of length to the fifth power [7-10). Ac-
celerator fluence (F) can then be related to fission using
the expression F = 2. where § is the mcan length of a
fission track and the factor of 2 arises from allowing for
two fragments per fission that produce thermal spikes of
finite volume when integrating over all possible fission-
fragment directions. An A value of 0.5-2 x 10°* c¢m*®
was then derived from the D measurements above with
8 = 6.3 pm (the mean projected range of 72 MeV '¥'1
ions in UQ; calculated using the SRIM code) [51]. This
agrees well with the results from studies of RID of metal
lattice atoms in UQO, and (U, Pu)O; by a-spectrometry
depth profiling of thin tracer layers (1.5 x 10-% and
1.2 x 10~ cm® respectively) [9,57). ln-reactor mea-
surements of iodine release have indicated a somewhat
smaller 4 value (0.5-3 x 10~* cm®) and similar findings
have been reported for krypton and xenon [7,11); how-
ever, because these samples had been previously an-
nealed at 1400°C over extended irradiation periods, the
athermal release must refiect bubble re-solution as well
as single-atom diffusion.

4. Conclusions

A novel method has been further developed for in-
vestigating the migration behaviour of fission products
in UO; nuclear fuels, which allows the effects of thermal
diffusion, radiation damage and local segregation to be
independently assessed. Direct evidence has been ob-
tained for RED associated with lattice vacancies created
by collision cascades during the initial implantation. A
threshold of ~10'* aroms/cm’ has been determined for
iodine trapping at defect sites in the UO; matrix, which
is consistent with out-reactor measurements of fission-
gas release from trace-irradiated fuels. RID of iodine in
UO; has been simulated by bombardment with 72 MeV
jodine ions. These findings provide additional confir-
mation that radiation-damage effects must play a crucial
role in the redistribution of fission products within oxide
nuclear fuels. Preliminary TD and RID coefficients de-
rived for iodine, at 1400°C and low temperatures re-
spectively, agree with selected in-reactor data to within a
factor of two.
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