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ABSTRACT

An advanced facility for characterization of highly radioactive materials by Imaging X-ray
Photoelectron Spectroscopy (XPS) has recently been commissioned at the Chalk River
Laboratories. Microchemical analysis of areas as small as 20 pm in diameter and chemical-state
imaging with a spatial resolution of ~3 pum can be achieved. An auxiliary Schottky field-
emission electron gun also offers high-performance in situ capabilities for scanning electron
microscopy (SEM) and scanning Auger microscopy (SAM). Based upon experience gained over
the previous decade using a prototype active XPS system, the new facility has been configured to
allow safe examination of irradiated-fuel samples. The pumping system and sample-preparation
chambers were custom-designed to prevent internal migration or release of radioactive
contamination and to allow diverse experiments under ultra-high-vacuum conditions.
Preliminary results from an initial study of the fuel-sheath interface in a fuel element that was
irradiated in a CANDU" power reactor are presented to illustrate the potential applications of
the active Imaging-XPS facility. New insight into fission-product segregation and CANLUB
degradation processes has already begun to emerge that should permit development of improved
barrier systems on advanced CANDU fuels.

1. INTRODUCTION

Reliable fuel performance to extended burnup will be required to fully exploit the advanced
fuel cycles that are feasible in CANDU reactors because of their high neutron economy [1].
Significant improvements in fuel science could be achieved through better control of the
chemistry at interfaces within the fuel element [2-5]. Fission products that have limited
solubility in the fuel matrix tend to segregate to grain boundaries, from whence they can readily
migrate to the sheath [2-7]. These processes are strongly dependent upon burnup and element
power as well as the fuel-bundle design. Several fission products have been implicated in fuel
failures caused by stress-corrosion cracking (SCC) of the Zircaloy-4 sheath [8]. Transport of
fission products from defected fuel elements throughout the heat-transport system of operating
reactors can contribute significantly to occupational radiation exposures. Accumulation of
segregated fission products on the fuel grain boundaries and at the fuel-sheath interface also
enhances the potential for release of radioactivity to the environment during postulated reactor
accidents and from used fuel in storage or after disposal [2-5].

! CANDU (CANada Deuterium Uranium) is a registered trademark of AECL.



164

The thin CANLUB graphite coating applied to the sheath interior surface has proven to be
extremely successful in preventing SCC for the modest burnups that are currently achieved with
natural-uranium fuels in CANDU power reactors [8]. Although graphite is effective as a pellet
lubricant in reducing sheath stress, the CANLUB layer has been shown to play a more important
role as a fission-product chemical barrier [8]. There is also considerable evidence that it controls
reaction of fission-freed oxygen with the sheath, which in turn may have a profound impact on
the chemical speciation and migration of several key fission products [7,9-12]. Progressive
degradation of the integrity of the CANLUB layer with increasing burnup has been well
documented [9]. Some progress has recently been achieved in understanding the mechanisms
involved in the function and degradation of the CANLUB layer, which could lead to the
development of a more robust barrier system [10,11].

Exploratory studies of the chemistry at the grain boundaries and the fuel-sheath interface in
irradiated CANDU fuels have been conducted over the past decade using a prototype active
X-ray photoelectron spectrometer (XPS) located at the Whiteshell Laboratories [11,13-15].
Segregation of a number of fission products to the fuel grain boundaries was explicitly
demonstrated for the first time [14]. Exposure of used CANDU fuel to warm, moist
air—simulating canister storage of defected elements—was also shown to cause pervasive but
highly selective grain-boundary oxidation [15]. Despite the severe limitations of a
comparatively large analysis area and lack of any in sifu imaging capability, general aspects of
the complex layer that develops at the fuel-sheath interface were revealed [11]. In particular,
carbon was confirmed to remain the predominant constituent here even at high burnup, although
segregated fission products and recoil-implanted fuel become increasingly important as well.
These studies are now being pursued using an advanced Imaging-XPS instrument that was
recently commissioned at the Chalk River Laboratories (CRL) for characterization of highly
radioactive materials.

2. ACTIVE IMAGING-XPS FACILITY

The modern active Imaging-XPS facility at CRL is based upon an ESCALAB 220i-XL
instrument manufactured by VG Scientific. Microchemical surface analysis of areas as small as
20 um in diameter can be performed in the spectroscopy mode, which employs six channel-
electron multipliers to achieve high sensitivity and wide dynamic range. Alternatively,
photoelectron images of an element in a particular chemical state can be collected on a position-
sensitive detector (two microchannel plates in a chevron configuration followed by a phosphor
screen and a CCD camera) [16-18]. A spatial resolution of ~3 um can be achieved in this mode,
which provides optimum throughput for imaging by simultaneous detection of the entire field of
view—analogous to an optical microscope [16-18]. In either case, a computer-controlled
electron spectrometer, which consists of magnetic and electrostatic lenses and a concentric
hemispherical analyzer, yields exceptional photoelectron collection efficiency and high energy
resolution. A choice of three X-ray sources offers flexibility in the selection of photoelectron
emission area and energy (which determines the sampling depth) and permits shifting of Auger
electron peaks to identify or avoid spectral interferences. Areas larger than ~1 cm? can be
irradiated with characteristic Mg Ko or Zr Lo and Zr M X-rays (hv = 1253.6 eV, 2042.4 eV
and 151.4 eV respectively) from a simple twin-anode source, although some Bremsstrahlung



radiation and satellite X-rays are also generated [19]. A focussed beam of X-rays (adjustable in
diameter from ~100 pm to ~1 mm) with high spectral purity is produced by a monochromator
that uses a pair of bent silicon crystals to filter Al Ka radiation (hv = 1486.6 eV). The
photoelectron escape depth can also be varied (over the <5 nm range) by changing the take-off
angle using the microprocessor-controlled 5-axis precision sample stage [19]. A magnified real-
time image of the sample in the analysis position, which is produced by a CCD camera mounted
on an optical microscope, is displayed on two video monitors. An auxiliary Schottky field-
emission electron gun provides in situ capabilities for scanning electron microscopy (SEM) and
scanning Auger microscopy (SAM), with a spatial resolution of better than 100 nm.

Studies of radioactive materials are facilitated by various aspects of the instrument design,
including special modifications as well as intrinsic features. The sensitive XPS imaging and
spectroscopy detectors are located at a distance of ~1 m from the sample-analysis position and
shielded by massive electron-optics components constructed out of Mumetal and stainless steel.
A protective shield has been fitted on the secondary-electron detector that is used for SEM
imaging to prevent excitation or damage by a and 3 particles. Samples normally enter the
instrument from the laboratory through an introduction chamber that is connected via a
preparation chamber to the analysis chamber. The preparation chamber is equipped with two
custom-designed pocket chambers, in which diverse experiments on radioactive materials can be
conducted, including fracture, ion-sputter etching and exposure to reactive gases while heating or
cooling. A portable stainless steel vessel, which will mate with the introduction-chamber port,
can also be used to transport samples from a remote location (e.g., an anaerobic chamber) under
high vacuum or an inert atmosphere. Each chamber is separately pumped and can be isolated
with gate valves: the double-isolation strategy followed here ensures that radioactive
contamination is largely confined to the pocket chambers, which can be cleaned most easily. A
manipulator mounted on the preparation chamber allows samples, attached to sample-transfer
mounts, to be securely moved from one chamber to another. Ultra-high vacuum is normally
maintained in the analysis, preparation and pocket chambers using a combination of sputter-ion,
titanium-sublimation and maglev-turbomolecular pumps. The introduction chamber, which is
frequently vented to atmospheric pressure, is evacuated to high vacuum by a conventional
turbomolecular pump. The rotary-vane pumps that back the turbomolecular pumps are
exhausted through a HEPA filter into the building active-duct system. All gas flow is filtered
and controlled when any part of the instrument is vented to, or pumped from, atmospheric
pressure to prevent internal migration or release of radioactive contamination.

The Imaging-XPS instrument has been installed in a Class B radioisotope laboratory that is
located in the same building as a number of other key active facilities, including hot cells. A
shielded radiological fumehood, which is situated in an alcove connected to the main laboratory,
is used for maintenance work on contaminated instrument components and mounting radioactive
samples. Any o and B particles emitted by a radioactive sample within the XPS vacuum system
will be entirely absorbed in the chamber walls, whereas y-rays are attenuated by less than a factor
of two. However, the y-ray field produced by a small sample decreases approximately as a
function of the distance squared, and provision of extended cables has allowed the vacuum
system to be separated by ~3 m from the instrument computer and electronics. Further
attenuation of the y-ray field from a high-intensity source, by about an order of magnitude, can
be achieved by strategically positioning four moveable shields, which are suspended from an
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overhead track. The radiation design limit for the Imaging-XPS laboratory is a sample with a

“y-ray field of 10 R/h (0.1 Gy/h) measured at a distance of ~100 mm. Additional radiological

fumehoods, shielded storage blocks and an active secondary ion mass spectrometer (SIMS) are
located in adjacent Class B laboratories, creating an integrated facility for radioactive materials
characterization.

The vacuum system of the Imaging-XPS instrument is shown in Figure 1; key components that
are labelled by numbered arrows on this photograph are discussed further below. The electronics
racks and the operator’s console are entirely outside the field of view here. One of the moveable
y-radiation shields has been parked behind the analysis chamber (in left centre of the photograph)
and part of its support structure is visible (1), suspended from the overhead track, above and
beyond the large hemispherical vacuum chamber that contains the electron analyzer (2). The
Schottky field-emission electron gun, which is equipped with an auxiliary ion pump (3), projects
from the analysis chamber into the left foreground, just in front of the video camera (4). Several
of the stepping motors on the five-axis, remotely controlled, sample stage are visible at the far
end of the vacuum system, whereas the X-ray sources are largely hidden behind the analysis
chamber and the electron optics column, which extends up to the electron analyzer. The sample-
introduction chamber is clearly visible near the centre of the photograph (5) and one of the
pocket chambers, upon which a fracture stage (6) has been mounted, projects into the right
foreground. Portions of the carousel preparation chamber and the second pocket chamber, which
is equipped with an ion gun (7), a heating/cooling stage and a gas-introduction system, can be
identified behind the fracture-stage chamber.

3. INITIAL APPLICATION TO CANDU FUEL

An initial study of the microchemistry at the fuel-sheath interface in a conventional CANDU
fuel was undertaken using the active Imaging-XPS instrument on element 2 from bundle
B64996C, which had been irradiated in the Point Lepreau nuclear generating station to an outer-
element burnup of 230 MW-l/kg U at linear-power ratings of 40-48 kW/m [20]. Although this
bundle included several non-CANLUB outer elements, the inner sheath surface on element 2 had
been coated with a standard, graphite-based CANLUB layer [20]. The peak outer-element
power of ~48 kW/m was achieved early in the irradiation (increased from ~44 kW/m by a bundle
shift) and thereafter the power declined slowly to ~40 kW/m at discharge. Previously developed
procedures, which involve only dry-cutting techniques, were employed to obtain sheath samples
with minimum risk of surface alteration or contamination [11,13-15]. Complete element
segments, ~2 cm long, were cut first using a high-speed silicon carbide saw. The sheath was
then gently removed from the fuel in two half-cylinders after two further high-speed axial cuts.
Finally, appropriately sized samples (~5 mm by ~7 mm) were cut from near the centre of the
half-cylinders using a slow-speed diamond saw operated with minimum pressure. A similar
strategy was followed to obtain a sample from the end cap at the reference end of the element.
As illustrated in Figure 2, the specimens were securely captured within a recessed area on a
custom-designed sample-transfer mount before being introduced into the Imaging-XPS
instrument. This photograph was taken through a view port (hidden behind the electron gun in
Figure 1) located on the left-front side of the analysis chamber. Several electron optics
components (e.g., electron gun and photoelectron extraction lens) project into the field of view
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from above, and the top of an electromagnetic immersion lens is visible below the precision
sample stage. The curved surface of the fuel-sheath specimen (at the tip of the arrow) is clearly
visible through a rectangular hole in the metal cover plate that captures it within the shallow well
on the sample-transfer mount (attached to the end of the stage near the centre of the photograph).

The in situ SEM capability of the Imaging-XPS instrument was routinely used to identify and
select various features on the sheath and end-cap samples for microchemical analysis.
Ilustrative examples of the morphologies seen on the inside surface of the B64996C/2 sheath at
a typical location and at a former pellet-pellet interface have been displayed in Figures 3 and 4
respectively. An area ~500 pum in diameter, centred on a selected feature, was irradiated with
monochromatic Al Ko X-rays and the photoelectron lens system was used to restrict the XPS
analysis region to <150 um diameter. The dispersion and work function of the photoelectron
spectrometer were calibrated using gold, silver and copper standards, with the binding-energy
scale referenced to the Fermi level [21]. Information on the near-surface composition as a
function of depth was compiled by sequential XPS analysis and argon-ion sputtering; the latter
was done remotely (at location 7 on Figure 1) to prevent radioactive contamination of sensitive
detectors in the analysis chamber. A focussed 4 keV ion beam, with an Ar" current of 1.3 pA,
was incident on the sample approximately normal to the surface and was rastered over an area of
5 mm by 7 mm. Under these conditions, the sputter rate has been determined to be 0.5 nm/min
using an oxide thin-film standard [22].

The light-grey and dark-grey areas observed in Figure 3 (as well as in Figure 4) appear to have
thin and thick retained CANLUB layers respectively (discussed further below). Representative
XPS survey spectra that were recorded from typical locations on the inside sheath surface, with
evident thin and thick retained CANLUB layers, have been reproduced in Figure 5. In both
cases, the C 1s emission has produced the strongest peak in the spectrum—consistent with
graphite being the predominant constituent at the surface—despite the fact that it has a small
X-ray photoelectron cross-section [19]. Segregated fission products, notably Cs, Ba and Xe,
have been detected only at quite low levels. The intensities of the zirconium peaks are
surprisingly similar in the two spectra, whereas the most significant difference between them is
the relatively strong U 4f emission from the area with the thin retained CANLUB layer. Weaker
zirconium photoelectron emission might have been expected from the area with the thick
retained CANLUB layer.

' An XPS survey spectrum that was recorded from the thick patch of CANLUB seen in Figure 4,
adjacent to a former pellet-pellet interface, has been displayed in Figure 6. Exceptionally high
levels of segregated fission products, including Cs, Ba, I, Cd and Rb, have been found here (and
confirmed by additional XPS analyses at other locations on the same feature). The relative
intensities of the peaks arising from C, U and Zr in Figure 6 are comparable with those in the
lower spectrum of Figure 5, despite the marked differences between the two regions in other
respects. Elevated concentrations of segregated fission products were commonly detected at
additional locations on, or near, former pellet-pellet interfaces, including the nearly white band in
Figure 4, but more typically at levels intermediate between the extremes of Figures 5 and 6.

INustrative portions of XPS spectra that were recorded, after increasing intervals of argon-ion
sputtering, from an area with a thin retained CANLUB layer (same location as the lower
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spectrum in Figure 5) have been displayed in Figure 7. The relative intensity of the U 4f spin-
orbit doublet increases rapidly after the initial few minutes of sputtering (as adventitious
contamination from air exposure is removed) and then slowly decreases thereafter (followed, but
not shown, out to 100 min). Conversely, the strength of the Zr emission features progressively
increases as a function of sputter time (with the Zr 3d doublet exceeding the C 1s peak after

100 min). Chemical-shift effects in Figure 7 indicate almost complete reduction of zirconium
and partial reduction of uranium, to the elemental state, after 60 min of argon-ion sputtering [23].
Even greater reduction of uranium was found following 100 min of sputtering (data not shown);
these observations will be discussed further in the next section. Comparable depth profiles at
locations with thick retained CANLUB layers revealed only subtle changes—most notably, a
progressive, albeit modest, increase in the strength of the U 4f doublet.

Segments of XPS spectra (high binding energy range) that were recorded, after increasing
intervals of argon-ion sputtering, from the thick CANLUB patch identified in Figure 4 (adjacent
to the pellet-pellet interface) have been reproduced in Figure 8. The intensities of the emission
peaks arising from segregated fission products decrease by about a factor of two after 9 min of
sputtering and then much more slowly thereafter (following an initial increase again due to
removal of adventitious contamination). Chemical-shift effects for the Cs 3d and I 3d doublets
as well as their relative intensities throughout the depth profile suggest the presence of CsI
microcrystallites plus a modest excess of cesium. The progressive increase in the strength of the
U 4d doublet as a function of sputter time (a plateau level was reached after 140 min) is again
consistent with migration of uranium deep into the CANLUB layer.

Secondary-electron images of the inside surface of the end-cap sample revealed extensive
coverage by very fine grained deposits, which were not sufficiently thick to entirely mask the
original machining marks. Key portions of XPS spectra that were recorded, after increasing
intervals of argon-ion sputtering, from a typical location near the centre of the end cap have been
displayed in Figure 9. A comparatively thin layer—composed predominantly of fission
products, including Cs, Cd, Pd, Ag, Ba, Te, Rb and Ru—has been depth-profiled here.
Chemical-shift effects indicate that the noble metals were not oxidized; they were most likely
present in the form of alloy nanoparticles [12]. The depth distribution of uranium suggests
migration into at least the surface oxide film on the underlying Zircaloy. Similar results, with
some variability in the relative proportions of the fission products and their depth profiles, were
obtained at all other end-cap locations analyzed.

4. DISCUSSION AND CONCLUSIONS

The development of an advanced Imaging-XPS facility specifically configured for analysis of
highly radioactive materials has been summarized. Preliminary results from an initial study of a
conventional CANDU power-reactor fuel have been used to illustrate the scope of the potential
applications as well as the possibilities for improvements in fuel science and technology.
Comparatively high levels of segregated fission products were found on interior surfaces of the
fuel sheath near former pellet-pellet interfaces and on an end cap; however, elsewhere on the
sheath only quite low levels of fission products were detected. Incorporation of uranium to some
depth in the surface at all types of locations, albeit with considerable variation in concentration,
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was revealed by XPS depth profiles. Marked differences in the apparent thickness of the
CANLUB layer retained on sheath surfaces were observed, which likely reflect either non-
uniformity in the initial coating or varying retention on the fuel pellets, although some relocation
during the irradiation is also considered probable [11].

Almost complete reduction of zirconium and partial reduction of uranium, to the elemental
state, was found after extended argon-ion sputtering at sheath locations with a thin retained
CANLUB layer. Because UO; and ZrO; are both known to be essentially stable under argon-ion
bombardment (with only slight loss of oxygen from the latter) [24], these observations suggest
radiation-induced migration of uranium through the CANLUB layer and into the surface of the
underlying sheath during reactor operation. The daughter nuclides created by fission have
sufficient energy to traverse distances of 6-9 pum in the fuel matrix and the associated collision
cascades that reach the surface of a pellet will cause recoil implantation [25,26]. Transient
vaporization of urania, due to thermal-spike effects, will also occur at any location where a
fission track emerges from the pellet surface [25-27].

Lattice diffusion to the fuel grain boundaries is the first stage and normally the rate-limiting
step in fission-product segregation and eventual migration to the fuel-sheath interface. At the
high temperatures that are achieved near the fuel centre-line, thermal diffusion rates can be quite
significant. Further diffusion along the grain boundaries is generally presumed to be
comparatively easy, and development of tunnels through linkage of gas bubbles on grain-
boundary intersections can permit fast release of volatile species [3-5,14]. Because of the steep
radial temperature gradient in operating nuclear fuels, all of these processes are vastly more
efficient near the pellet centre-line than toward its periphery. Accordingly, the expected primary
migration route for fission products would be axially to the pellet end and then radially to the
sheath—in the absence of large cracks that can provide a short-circuit pathway. Although there
will be an axial temperature gradient in the pellets located at either end of an element as well, it
will be much less than the radial gradient, owing to relatively poor heat flow through the end
caps. The preliminary results presented here on the local distribution of segregated fission
products at the sheath on a standard CANDU fuel element are entirely consistent with this
scenario. An improved CANLUB barrier system that would more effectively block access of
segregated fission products to the fuel sheath should clearly be feasible.
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FIGURE 5. XPS SURVEY SPECTRA RECORDED FROM TYPICAL REGIONS ON FUEL
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