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Abstract. A shielded SIMS 6f has been installed in the LECA in 1999 and will examine
nuclear fuels before the end of this year. Meanwhile several studies have been realised to test its
technical performance for nuclear materials analysis. After a brief presentation of the design of the
shielded SIMS, five examples of preliminary results will be underlined, hi the nuclear field, SIMS is
currently used for the analysis of Zircaloy cladding corrosion because it can detect light elements like
boron or lithium. More than a quantitative measurement of isotopes, it was possible with our SIMS to
produce a two dimension image of the corrosion layer focusing on the protective layer. SIMS has also
the advantage to detect isotopes with a low concentration. This property will be enlightened with some
results obtained on sulphur in UO2. Because SIMS uses the erosion of the sample surface, it is possible
to make depth profile. This possibility will be demonstrated on water altered glass samples on which
the altered layer will be evidenced on depth profile. The last application of SIMS presented in the
paper is addressed to nuclear fuel with detection of xenon. Fission gases release is indeed of first
importance for nuclear fuel because it affects fuel swelling, rod internal pressure, fuel thermal
conductivity via the formation of pores etc. We have demonstrated that it was possible to measure
xenon on an unirradiated UO2 sample implanted with xenon. It was also proved that xenon could be
measured in gaseous state, which would make possible the measurement of xenon filling pores.

1. INTRODUCTION

The Fuel Study Department of CEA has decided to install a shielded SIMS in Cadarache
centre. This apparatus is designed as a complementary tool for the characterisation of the
physical and chemical state of irradiated nuclear fuels together with SEM, EMPA,
ceramography and X ray diffraction. The CAMECA company was chosen to design and
construct this apparatus because its IMS 6f had the best analytical performances and also
because CAMECA accepted to design the shielding which interfere with the measurement
device. A more comprehensive description of the IMS nuclearisation will be given elsewhere

The apparatus was installed in 1999 and could work with unirradiated samples since May 99.
Some modifications of the room, where it is installed, are needed in order to handle irradiated
samples. This will be done this summer only because the whole facility is in a renewal
process which implies that no new apparatus can be installed without a renewal of the room
where it is located in. This delay was used as a training period in order to test the capabilities
of the SIMS method on nuclear topics.

The IMS 6f is indeed a very versatile apparatus with the ability of doing mass spectrum, ionic
images in scanning or in direct mode, three dimensions ionic images, isotopic measurements.
Experimental conditions must of course be optimised to the wanted analysis. In this paper this
versatility will be illustrated on samples relevant to nuclear industry. But first we will start
with a brief description of the SIMS principle and of the shielded IMS 6f.
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2. SIMS FOR NUCLEAR APPLICATION

2.1. SIMS physical principle

SIMS provides a local isotopic analysis of a solid sample. Figure 1 illustrates schematically
the way this analysis is performed. A primary beam is focused on the sample and sputter its
surface. The sputtered atoms are essentially neutral but a small fraction (of the order of the
percent) is ionised and can be extracted thanks to an electrical field. The ionised atoms then
go to a mass spectrometer for isotopic analysis. Based on this physical principle, all
commercial SIMS can provide a mass spectrum from which isotopic measurements can be
deduced, and a cartography of the sample for a given mass by scanning the primary beam.

Towards imaging system and
magnetic mass spectrometer

© Extracting lens _
o ® Primary ion

Primary e
o o © o

beam
U ) d, ® e o Neutral sputtered atom

@ • • . • ^ o e

@ ® ® ® • o SpUterred ion

, . Towards pumping system

FIG. 1. Schematic description of SIMS principle In the IMS 6f configuration.

The main features of the IMS 6f include:
- Caesium microsource, producing high brightness spots down to 0.2 urn.

the mass analysis is supplied by a spectrometer which allows high mass resolution:
ultimate M/AM ~ 25 000 compared to M/AM ~ 500 for quadrupoles.
The extracting lens is 5 mm away from the sample which allows efficient capture of
secondary ions.
The ionic optics makes possible to get direct images. Ions can be measured on a 2D
detector at a location which is correlated to the location where the ion was emitted.

Other key features of the IMS 6f include: electron gun with unique self compensation mode
for insulating material analysis, multiple primary ion species (O2+, O', Cs+ and Ar+), variable
primary ions incident energy, full automation.

2.2. SIMS adaptation for irradiated samples

In order to handle radioactive material the commercial IMS 6f was modified by adding a
glove box and a lead shielding. The layout of the modified apparatus is presented on Figure 2.
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The glove box is limited to the space necessary for the sample transfer and for the apparatus
maintenance. The shielding is design to protect the operator and the detectors from the
irradiation of the sample, but it is also designed so that every part of the apparatus is reachable
where some piece has to be changed. As a consequence it consists of a big lead box around
the glove box and the sample chamber of the IMS 6f, keeping the back of the apparatus free.
However some leak between the apparatus and this lead box needed to be closed with
additional shielding in the back of the apparatus. The description of these modifications will
be explained in more detail elsewhere.
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FIG. 2. General synoptic of the IMS 6/R..

Despite these modifications the performances of the IMS 6f were kept equivalent to those of a
standard apparatus, and were evaluated during the testing period. The more significant
performances obtained are:

7.10~7 bar vacuum in the sample chamber
- mass resolution M/AM better than 25 000

detection limit of 1013 atoms/cm3 of boron and 1014 atoms/cm3 of phosphor in implanted
silicon

- lateral resolution of 0.2 um with a caesium beam in scanning mode
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3. FIRST RESULTS

In SIMS analysis proceeds in two steps: detection of a selected mass and then fitting of the
measurement parameters as a function of signal abundance and desired analysis. Several
samples, representative of irradiated materials, were analysed with our SIMS. The obtained
results are presented in the following showing the versatility of the apparatus and the accuracy
of the method.

3.1. Slightly irradiated aerosols

The first step of an analysis is mass identification. This is not necessary an easy task because
not only isotopes should be taken into consideration but also some ionised molecules. We
shall illustrate that point with the analysis of some FPTO aerosols. In the framework of the
international Phebus program, aerosols produced during the core degradation in a thermal
transient are released in the reactor vessels. These aerosols are characterised in order to
produce modelling of the radionuclides dispersion during a nuclear accident. A specimen of
such aerosols had been made for SEM examination, and we examined it with our SIMS. The
aerosols were stuck on a conductive tape, being itself stuck to a metallic cylinder which was
settled in the sample holder. Because the sample was old, its activity was low enough to
handle it in a "green area".

The mass spectrum was first determined for positive secondary ions with an oxygen primary
beam. Some uranium was detected and it was decided to determine the ratio 235U/ 38U. Figure
3 presents the mass spectrum between masses 233 and 239 with a mass resolution of
M/AM=2000. Not one but several peaks are observable on mass 235 and 238. The peaks
corresponding to the actual 235 and 238 uranium isotopes are those with higher mass. This
example evidences that accurate measurement of the ratio 235u/238U requires high mass
resolution, using a M/AM resolution of around 300 would have given a 10% false value.

In the positive secondary ions spectrum, some discrepancies appeared with previous SEM-
EDS measurements: Rhenium was indeed identified as a major compound with SEM, and it
was hardly detected with positive secondary ions.

233 234 235 236 237 238 239

mass in amu

FIG. 3. Mass spectrum of FPTO aerosols in the range 233 -239 amu.
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That is why the mass spectrum of the negative secondary ions was also measured. Rhenium is
clearly seen in the negative secondary ions mass spectrum as RhO, RhO2, RhO3 and RhO4.
From these results it was concluded that Rh was oxidised. This was confirmed by EPMA
measurements showing that oxygen and rhenium were mostly collocated.

3.2. Glasses

Mass identification is not only complicated by mass interference but also by the sample itself.
The examination of glass adds the difficulty of insulating samples. Glass alteration by water is
a major issue for long term storage of glass matrix. This alteration involves the diffusion of
oxygen and silicon through the alteration layer. To study this phenomenon isotopic marking
was used: a glass with natural isotopic ratios was altered by a solution enriched with 18O and
29Si.
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FIG. 4. Evolution of isotopic ratio as a function of depth (time of erosion) of an water altered glass.

The evolution of the isotopic ratios 180/160 and 29Si/28Si was measured as a function of the
erosion depth in a glass with an alteration layer of approximatively 10 urn. The primary beam
was Caesium in order to have a correct isotopic ratio for oxygen. Mass resolution was
increased to M/AM = 4000 in order to avoid mass interference 29Si-28SiH. An electron beam
was scanned over the sputtered area in order to avoid sample charging that induces primary
beam deflection and can lead to sample chipping.

The obtained profile is presented on figure 4. It evidences three different areas: the first area
at the surface of the sample has isotopic ratios equal to those of the solution; the second area,
deeper in the solid, has intermediate isotopic ratios between those of the solution and of the
glass; the third area should correspond to the bulk glass with natural isotopic ratios [2]. The
measured isotopic ratio of the third area were somehow higher than natural ones. This was
interpreted as a crater edge effect.

3.3. Oxidised cladding

Once isotopes of interest are detected, the information concerning their location in the sample
can be visualised by isotopic cartography. In the case of a water corroded Zircaloy cladding,
scanning imaging was used to get the better lateral resolution in order to evidence the
protective layer.
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FIG. 5. Cartography of90Zr, 7Li, 52Cr and56Fe at the metal-oxide interface in an oxidised cladding.

An unirradiated slice of PWR cladding was oxidised in autoclave with an oxide layer of
approximatively ten microns. The slice was settled in a specially designed sample holder and
polished parallel to a plane making an angle of 3° with the axis of the slice. This special
preparation produced a plane where the thickness of the corrosion layer is artificially
increased to allow a better spatial characterisation.

Cartography of Zr, Li, Cr and Fe near the metal-oxide interface was performed by scanning a
oxygen micro-beam. Cartography is presented on figure 5. On this figure the metal-oxide
interface is evidenced on the Zr mapping by a contrast between the oxide and the metal. The
emission yield is indeed higher in the oxide than in the metal as classically observed in SIMS
with positive secondary ions. The Li mapping evidenced that the lithium is located in the
corrosion layer but does reach the metal-oxide interface. This observation is consistent with
the existence of a protective layer of approximately 1 urn as proposed by Pecheur and al. [3].
Iron and Chromium form precipitates in standard Zircaloy 4, during oxidation their behaviour
is however different as shown on their mapping. Chromium stays in precipitate while iron
tends to dilute in the oxide. This observation is consistent with previous TEM experiment [4].
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3.4. Doped UG2

The use of micro-beams, with low intensity, induces a low erosion speed of the sample. In the
case of low abundance isotope, this implies very long acquisition time to get a signal high
enough to be detected. Direct imaging provide image with a lower lateral resolution (around 1
urn) but on which isotopes with low abundance can be evidenced in a reasonable acquisition
time thanks to a high intensity primary beam. This advantage of direct images is presented
with a sulphur doped UO2 sample.

FIG. 6. On a UO2 sample, direct images of oxygen and sulphur.

In this sample the concentration of sulphur was measured to be of the order of 20 ppm. And
we were asked to provide information on the sulphur location. Direct images of sulphur were
performed with a oxygen primary beam of 50 nA intensity. High resolution was also needed
to resolve the interference between 32S+ and 16O2

+(M/AM more than 2000). The sulphur (S+)
cartography is presented on figure 6 were it can be seen that sulphur is mainly located in
small aggregates and on grain boundaries. The location of grain boundaries is evidenced on
the image obtained with 16O+ ions, the emission yield of oxygen indeed depends on the
crystallographic orientation of UO2 and hence on the grain in a polycrystalline sample.

3.5. Rare gases detection

One of the very specific interest in nuclear fuel lays on the behaviour of rare gases in UO2.
They can be released out of the fuel ceramics and increase the internal pressure of the fuel
rod. Helium could produce the same effects during storage. SIMS is not currently used for the
detection of rare gases, however a specific study on rare gases in UO2 was performed. UO2
pellets were fabricated, cut, polished and implanted with Xenon atoms.
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First a caesium primary beam was used, because several papers indicate that Xe can be
measured using the molecule XeCs+. XeCs+ was indeed detected but the measured profile was
too flattened compared to the calculated implantation profile. It was concluded that Xe was
recoiled by caesium primary ions which induces some xenon diffusion, and inaccurate
measurement.

Oxygen primary beam was used and the obtained profile is presented on Figure 7. This profile
is in better agreement with the theoretical one. Principles and problems of depth profiling
with SIMS are detailed in [5]. From this experimental data and from the implantation
condition, the detection limit of xenon was calculated equal to 1018 atom /cm3 which represent
a concentration of approximately 20 ppm.
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FIG. 7. Depth profile of xenon in aXe implanted UO2 sample as a function of the erosion time.

Some other tests were conducted by injecting xenon gas into the sample chamber at a low
pressure (10"6 bar) on a silicon sample. Xenon isotopes were detected. Using high mass
resolution to avoid interference with substrate isotopes, the Xe isotopic composition was
measured and founded to be equal to the one reported in literature. From that, it was
concluded that xenon could be measured in a gaseous state with our SIMS.

The obtained results with both Xe implanted UO2 and gaseous xenon make us confident in the
ability to detect xenon in nuclear fuel, whether it is implanted or trapped in bubbles. Of course
some studies on irradiated fuel are still required, and they will be performed in the beginning
of next year. A more detailed description of the results obtained on Xe implanted UO2 sample
will be given in a forthcoming paper [6].

4. CONCLUSION

A shielded SMS was installed in the LECA facility, CEA Cadarache France. Its design was
optimised to handle highly irradiating specimens still keeping the high level of performance
of the CAMECA IMS 6f Its capabilities were tested with unirradiated samples. From the
obtained results it is foreseen that SIMS will be an indispensable tool in the following topics:
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determination of local isotopic composition for local burnup estimation or analysis of
aerosols
characterisation of elements with low Z like lithium and boron for the cladding corrosion
studies
characterisation of doping species with low concentration for optimisation of fabrication
process

- characterisation of elements important for the environment but with low abundance like
iodine etc
improved characterisation of fission gases in nuclear fuel

After a period of renewal of the facility, the shielded SIMS should be in operation in October
2001.
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