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The results of a wide-ranging post-irradiation study of a PWR nuclear fuel by secondary ion mass spec-
trometry are presented. The average cross-section burn-up and the radial burn-up profile were deter-
mined from the radial distributions of one or more of the stable isotopes of fission product Nd. The
fission gas Kr was analysed in-situ in a nuclear fuel for the first time and an investigation of the total fis-
sion gas content of the high burn-up structure using depth profiling was performed. It was confirmed that
Kr is together with Xe in the pores of the high burn-up structure, and that almost all the fission gas lost
from the fuel matrix is contained in the pores. In addition to Xe and Kr, the volatile fission products Te, Cs,
I and Rb were also detected in the pores. The radial distributions of the minor actinides in the fuel are also
reported. It was found that 237Np, unlike the isotopes of Pu, Am, and Cm, does not increase in concentra-
tion at the fuel rim.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Since the 1960s electron probe microanalysis (EPMA) has been
used to study the chemical behaviour of fission products in nuclear
fuel. EPMA has supplied data on the radial distribution of retained
xenon that has helped elucidate mechanisms involved in thermal
fission gas release (see e.g. Ref. [1]). EPMA of the radial distribution
of neodymium has revealed that the local burn-up of PWR fuel may
be a factor of two or higher at the fuel surface due to enhanced pro-
duction of 239Pu by neutron capture [2]. EPMA has also played an
important role in the investigation of the high burn-up structure
(HBS) in the outer region of UO2 fuel. The formation of the HBS is
accompanied by a marked loss of xenon from the UO2 grains [3].
Hence, by measuring the concentration of xenon in the outer re-
gion of the fuel it has been possible to follow the expansion of
the HBS across the fuel section with increase in burn-up [4] and as-
sign a burn-up threshold and temperature limit for the formation
of the HBS [5]. It has become increasingly evident in recent years,
however, that EPMA cannot deliver all the analytical data de-
manded by today’s nuclear fuel performance research pro-
grammes. From the perspective of the investigation of irradiated
nuclear fuel the main drawback of EPMA is that it does not mea-
sure isotopes. Another shortcoming is the detection limit, which
for a radioactive sample is at best 200 ppm [6]. Mainly because
of this it is not possible to obtain useful information on the behav-
iour of iodine and other low yield fission products. In addition, the
fission gas krypton cannot be measured by EPMA. This is because
ll rights reserved.
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co-incidence exists between the Kr La1 X-ray line and the second
order U Ma1, and the Kr K X-ray lines have high critical excitation
energy of 14.3 keV. A further major failing is that the fission gases
trapped in pores and bubbles larger than about 0.1 lm are not de-
tected [7,8]. Consequently, it has not been possible to deduce from
EPMA of the HBS, whether the fission gas lost from the fuel grains
is retained in the facetted pores that are a characteristic of the
structure [9]. This has consequences for fuel safety studies, since
it is not known with certainty how the HBS will respond to a reac-
tivity insertion accident (RIA) [10]. For these reasons, secondary
ion mass spectrometry (SIMS) of irradiated nuclear fuel has re-
cently been introduced at the Institute for Transuranium Elements
(ITU). Applying SIMS, the radial distribution of the fission product
and actinide isotopes in nuclear fuel can be determined. Moreover,
since the detection limit is of the order of 0.001 ppm the behaviour
of important low yield fission products can be detected as can the
fission gas contained in bubbles and pores, independent of their
size. The main disadvantage of SIMS compared with EPMA is that
the acquisition of quantitative data is not straightforward. Calibra-
tion curves, information about the local burn-up or EPMA element
data must be employed in most cases to derive the isotope
concentration.

This article reports the results of the first SIMS analysis of an
irradiated UO2 fuel sample carried out at ITU. The fuel had been
irradiated at low temperature to a burn-up of 65 MWd/kgHM in
a commercial PWR. The sample was chosen because an earlier
EPMA investigation had revealed no migration or release of cae-
sium and xenon [11]. During the study, the fission gas krypton
was measured in-situ in a nuclear fuel for the first time and an
investigation of the total fission gas content (Xe + Kr) of the HBS
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Table 3
Puncturing results for the isotopic composition of Kr and Xe in the plenum of rod
12H3.

Isotope Abundance (at %)

83Kr 5.1
84Kr 40.3
85Kr 5.1
86Kr 49.4
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using depth profiling was performed. The results of this latter
investigation confirmed that almost all of the gas lost from the fuel
matrix is contained in the pores of the HBS and that the pores are
overpressurised.

2. Fuel characteristics and irradiation history

The fuel section examined by SIMS was cut from the low power
region of rod 12H3. Relevant fuel pellet and rod design character-
istics are given in Table 1. The rod was of standard PWR design for
Siemens’ built reactors with a plenum above and below the fuel
stack. The fuel rod cladding was a highly corrosion resistant zirco-
nium alloy.

Rod 12H3 was irradiated in a Siemens built 15 � 15 fuel assem-
bly in a commercial PWR reactor. Its irradiation spanned eight
reactor cycles and lasted 2631 effective full power days. At the
end of the fourth reactor cycle when the original fuel assembly
had reached its nominal discharge burn-up of 60 MWd/kgHM the
rod was transferred to a carrier assembly containing partially burnt
fuel for further irradiation. The rod was subsequently introduced
into a new carrier assembly at the beginning of each new reactor
cycle. The fuel was discharged from the reactor in June 1997.

Table 2 shows the power history and burn-up evolution for rod
12H3. It is seen that during the first four cycles the average power
rating fell from about 34–20 kWm�1. After transfer to the carrier
assembly the power rating decreased more gradually from
18 kW m�1 in the fifth cycle to 14 kW m�1 in the eighth and final
cycle. The rod average burn-up at the end-of-life was 90 MWd/
kgHM.

3. Fuel sample examined by SIMS

The plain of the cross-section surface analysed by SIMS was lo-
cated approximately 31 cm from the bottom end of rod 12H3 and
had a burn-up of about 65 MWd/kgHM. The burn-up was derived
from the gross axial gamma scan for the rod (see Fig. 2, Ref.
[11]), which was calibrated by chemical burn-up analysis of a fuel
pellet extracted from the high power upper region of the fuel stack.
The form of the gross axial gamma scan follows closely the axial
burn-up distribution.
Table 1
Fuel pellet and rod design characteristics.

Pellet diameter (mm) 9.3
Initial enrichment (wt% 235U) 3.5
Fuel density (%TD) 95
2D grain sizea (m) 9–12
O/M 2.005
Diametrical gap (lm) 160–190
He fill gas pressure (bar) 22.5
Cladding material Zr-based alloy

a Linear intercept.

Table 2
Power history and burn-up evolution in the high burn-up fuel rod.

Reactor cycle Max. Av. linear
power (kW m�1)

Cumulative Av. burn-up
(MWd/kgHM)

1 34 19
2 29 37
3 23 48
4 20 59
5 18 67
6 17 72
7 16 82
8 14 90
The radial temperature distribution in the fuel during irradia-
tion was calculated with the advanced version of the AREVA-NP
fuel rod analysis and design code CARO-E [12]. This code takes into
account the degradation of thermal conductivity of the fuel that
occurs with increase in burn-up, both due to the build-up of fission
products in the UO2 lattice and the presence of gas filled pores in
the high-burn-up structure. Apart from at the end of the first cycle
when 1000 �C was reached, the fuel centre temperature at the axial
location from which the SIMS sample was taken was between 500
and 600 �C throughout the irradiation.

4. Post-irradiation examination of rod 12H3 and the fuel-
section analysed by SIMS

Numerous post-irradiation examinations have been performed
on rod 12H3 and on the same fuel section on which the SIMS inves-
tigation was carried out. These include rod puncturing and mass
spectrometry of the plenum gas, chemical burn-up analysis, optical
microscopy, scanning electron microscopy (SEM) and EPMA. In
addition, inductively coupled plasma mass spectrometry (ICP-
MS) was carried out on fuel from the high burn-up sibling rod,
12C3. The results of some of these examinations have already been
reported; e.g., SEM and EPMA [11], ICP-MS [13]. In this section,
findings that have a relevance to the SIMS results and that were
used as an aid to their interpretation are summarized.

4.1. Puncturing results

The fractional fission gas release determined by puncturing of
rod 12H3 was 22% [11]. The isotopic composition of the Kr and
Xe in the plenum is given in Table 3. The amounts of Xe and Kr
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Fig. 1. EPMA results for the radial distribution of Pu in the cross-section of the fuel
sample analysed by SIMS.

131Xe 3.8
132Xe 26.8
134Xe 27.8
136Xe 41.7
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Fig. 3. EPMA results for the radial distribution of Cs in the cross-section of the fuel
sample analysed by SIMS.
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Fig. 2. EPMA results for the radial distribution of Nd in the cross-section of the fuel
sample analysed by SIMS.
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in the gas mixture corresponded to a Xe/Kr volume ratio of 10.8.
This ratio is intermediate between the values for gas resulting from
the fission of 235U (Xe/Kr = 7) and the fission 239Pu (Xe/Kr = 19)
[14], confirming that Pu fission made an important contribution
to the burn-up.

4.2. Optical microscopy

Optical microscopy was carried out on the fuel section used for
the SIMS investigation. The microstructure of the fuel along a ra-
dius in the as-polished and etched state was examined at a magni-
fication of 500�. Between the pellet centre and r/ro = 0.95 the fuel
exhibited the as-fabricated microstructure which consisted of
equi-axed grains and large angular pores. The porosity varied be-
tween 3 and 5%. In the central region of the fuel isolated arrays
of gas bubbles a few hundred nanometers in size were detected.
This indicates that thermal diffusion of fission gas had occurred
in the central region of the fuel at some point during the irradia-
tion; most probably at the end of the first irradiation cycle, when
the fuel centre temperature was around 1000 �C. A thin band of
high burn-up structure was present at the pellet surface. In the re-
gion occupied by the high burn-up structure the porosity increased
dramatically from around 5% at r/ro = 0.95 to more than 10% at the
fuel rim.

4.3. Electron probe microanalysis

EPMA was carried out on the same fuel section used for the
SIMS investigation. The radial distributions of Pu, Nd, Cs and re-
tained Xe were measured. In addition, EPMA electron absorption
micrographs of the high burn-up structure were produced. Quanti-
tative image analysis was subsequently carried out on these micro-
graphs to determine the pore size distribution in the high burn-up
structure.

4.3.1. Radial distribution of plutonium
The creation of Pu during the irradiation of UO2 nuclear fuel is

the result of capture by epithermal neutrons in the resonances of
238U. The measured radial concentration profile for Pu is shown
in Fig. 1. It is seen that Pu is uniformly distributed in the interior
of the fuel, whereas its concentration increases steeply at the fuel
rim due to enhanced neutron capture in this region. The concentra-
tion of Pu varies between 0.5 and 0.8 wt% in the fuel interior and
increases to about 3.2 wt% over a distance of 250 lm at the fuel
rim. The integral average concentration of Pu in the fuel cross-sec-
tion was 0.8 wt%.

4.3.2. Radial distribution of neodymium
Neodymium is immobile in UO2 nuclear fuel and therefore can

be used as an indicator of the radial burn-up distribution and
hence the local concentration of the fission products produced in
the fuel lattice. The radial distribution of fission product Nd is
shown in Fig. 2. It can be seen that in the interior of the fuel the
Nd distribution is flat, whereas at the fuel rim it increases steeply
due to the fission of Pu from neutron capture. The integral average
concentration of Nd in the fuel cross-section was 0.63 wt%. The ra-
dial concentration profile for Nd indicates that in the interior of the
fuel the burn-up was between 57 and 62 MWd/kgHM and reached
about 140 MWd/kgHM at the pellet rim. These burn-ups were cal-
culated using a total fission yield for Nd of 0.171 at% per 1 at%
burn-up (0.097 wt% per 10 MWd/kgHM).

4.3.3. Radial distribution of caesium
The radial distribution profile for Cs is shown in Fig. 3. The form

of profile is similar to that for Nd indicating that significant release
of Cs from the fuel matrix had not occurred. The integral average
concentration of Cs in the fuel cross-section was 0.52 wt%. This
corresponds to a fission yield value of 0.15 at% per 1 at% burn-up
which is within the expected range of 0.13–0.16 at% per 1 at%
burn-up.

4.3.4. Radial distribution of xenon
The radial distribution of xenon is shown in Fig. 4. It is seen that

Xe profile is flat in the central region of the fuel indicating that
thermal release had not occurred. Moreover, the concentration of
Xe in this region is about 0.85 wt% which corresponds to full reten-
tion. The measured concentration of Xe, however, drops sharply
between r/ro = 0.95 and fuel surface. This is due to the presence
of the high burn-up structure.

4.3.5. Pore size distribution in the high burn-up structure
The spatial volume density and size distribution of the pores in

the HBS at the rim of the fuel sample analysed by SIMS were mea-
sured using the AnalySIS� image processing software marketed by
Olympus Soft Imaging Solutions GmbH, Germany. The measure-
ments were performed on an EPMA electron absorption
micrograph showing the microstructure in the vicinity of the fuel
surface at a magnification of 500�. The micrograph was produced
at an electron acceleration potential of 20 kV. Applying the



Fig. 5. EPMA electron absorption micrograph showing the microstructure at the
surface of the fuel sample analysed by SIMS. The high concentration of micron size
pores signifies the presence of the high burn-up structure. The pore size distribution
and volume density were measured in the rectangular area delineated by the
dashed lines.
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Fig. 6. Size distribution of the pores in the high burn-up structure at the surface of
the fuel sample analysed by SIMS. The mean pore size is 1.52 ± 0.01 lm.
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Fig. 4. EPMA results for the radial distribution of retained Xe in the cross-section of
the fuel sample analysed by SIMS.
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equation of Kanaya and Okayama [15] the electron penetration in
UO2 at this energy was calculated to be 1.83 lm. The electron
absorption micrograph is presented in Fig. 5. Pores appear as white
spots in the micrograph and the high density of pores at the fuel
rim signifies the presence of the HBS. The size distribution of the
pores in the HBS at the fuel surface is shown in Fig. 6. The mean
pore size derived from the data plotted in the histogram is
1.52 ± 0.01 lm. The volume pore density in the HBS was
8.8 � 107 pores per mm3.

5. SIMS analysis

SIMS was carried using a CAMECA IMS-6F, double-focusing
sector field instrument that had been specially shielded and mod-
ified for the analysis of irradiated nuclear fuel. A description of
the installation can be found in Ref. [16]. A ð16OÞþ2 primary ion
beam was general employed. The radial distributions of the iso-
topes of a single fission product or actinide element in the fuel
matrix were measured simultaneously at the same location using
identical instrument settings. The primary ion and secondary ion
acceleration voltages were +15 and +5 kV, respectively, and beam
currents of 50 nA (Cs), 150 nA (Kr, Xe, Nd, U and Pu) and 300 nA
(Am and Cm) were employed. The mass resolution was normally
about 1000, but for the analysis of the radial distributions of
243Am, 244Cm and 245Cm a higher resolution of the order of
3000 was used. The ion intensity was measured along the fuel ra-
dius at intervals of 100 lm. This gave a radial ion intensity profile
comprising about 32 data points. At each location the primary
beam was scanned over an area measuring 100 � 100 lm in order
to average out the effects of grain orientation and porosity on the
generated ion intensity. Moreover, the secondary ion signal was
collected in a 62 lm diameter diaphragm (field aperture 2) to
avoid the collection of ions from the edges of the craters. The cen-
tre line of the first raster was located about 60 lm from the fuel
rim and, at each radial position five adjacent intensity measure-
ments were made 50 lm apart. The integration time for an indi-
vidual isotope was either 0.5 or 1s and the total acquisition time
at each radial position ranged from 367 (U and Pu) to 726 s (Cs).

Attention is drawn to the fact that the reported ion count rates
and isotope ratios have not been corrected for mass interference by
the isotope hydride or for mass basis effects [17].

It has been shown [18–20] that unlike solid substances, which
are ionized at the fuel surface during sputtering, Xe and Kr leave
the fuel as neutral atoms and they are ionized in the specimen
chamber. Consequently, the ion signals for Xe and Kr are weak.
The intensity of the ion signals were enhanced by using an oxygen
leak (P02 = 1.2 � 10�6 mbar in the specimen chamber) and to sepa-
rate the Xe and Kr signals from molecular interferences a 20 or
25 eV wide 50 eV centred energy gate was employed as recom-
mended by Desgranges and Pasquet [18,19]. This energy gate
was used for all the analyses reported in this article.

Depth profiles for 132Xe and 84Kr in the high burn-up structure
at the fuel rim were produced using a focused beam 45 lm in
diameter. Apart from this, the analysis conditions were the same
as those used to measure the fission gas isotopes in the fuel matrix.
In this analysis the variation in the ion intensity during sputtering
was monitored for approximately 1 h (3639 s). Depth profiling was
performed at seven locations about 150 lm apart beginning
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at r/ro = 0.99 and ending at r/ro = 0.81. Accordingly, the first depth
profile was situated about 45 lm from the fuel rim.

Ion maps showing the distributions of Kr, I, Te, Cs and Xe in the
high burn-up structure were produced using a ð16OÞþ2 at a primary
acceleration voltage of 15 kV. The 129I� and 130Te- ions were col-
lected using a secondary acceleration voltage of �5 kV, all other
ions were collected in the positive mode using a secondary accel-
eration voltage of +5 kV. The maps were constructed by superim-
posing between 150 and 200 raster scans of 5 to 50 s duration
depending on the given isotope.

The distributions of 129I and 130Te were measured at the same
location at the fuel surface using a beam current of 150 qA and
the same instrument settings. At 150 qA the beam diameter is
about 1.5 lm, which is similar to the size of the pores in the high
burn-up structure. The distribution of 137Cs was measured adjacent
to the location where the distributions of 129I and 130Te were deter-
mined. A lower beam current of 50 qA was employed, and conse-
quently the 137Cs+ ion map has a noticeably higher spatial
resolution due to the smaller diameter of the primary ion beam.

The distributions of Xe and Kr in the high burn-up structure
were investigated by measuring the distributions of 85Rb and
133Cs. These isotopes are the daughter products of 85Kr (half-life,
10.75 years) and 133Xe (half-life, 2.25 days) and since they are sol-
ids they are ionized in-situ in the fuel. For the purposes of this
investigation a primary beam current of 200 qA was employed.

For the measurement of the radial distributions of the fission
products and actinide elements in the fuel matrix the current den-
sity of the primary ion beam was varied between 0.5 and 3.0 mA/
cm2 and for depth profiling in the high burn-up structure it was
9.4 A/cm2. Measurements made with an interferometer micro-
scope have shown that the sputtering rate of an unirradiated sin-
gle crystal of UO2 using a ð16OÞþ2 primary ion beam at an
acceleration voltage of 12.5 kV is about 3.75 � 107 nm3/nA/s
[19]. Using this sputtering rate, the current densities quoted
above and the total acquisition time it was calculated that a layer
of material between 0.2 and 0.5 lm thick was sputtered from the
sample surface during the analysis of the fission product and acti-
nide elements in the fuel matrix and that the crater produced dur-
ing depth profiling in the high burn-up structure was about
13 lm deep. Since, the sputtering rate will clearly be higher for
polycrystalline irradiated nuclear fuel containing porosity than
for an unirradiated UO2 single crystal the above erosion depths
are lower limits.
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Fig. 7. Radial distribution of the major Pu isotopes in the fuel matrix. Isobaric
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point smoothing and serve to distinguish between the data for the different
isotopes.
6. SIMS results

6.1. Radial distribution of plutonium and the minor actinides

The radial distributions of the major Pu isotopes in the fuel ma-
trix are shown in Fig. 7. It can be seen that the Pu isotopes are uni-
formly distributed in the interior of the fuel, but increase in
concentration sharply at the fuel surface. Fig. 8 shows the radial
distribution of the minor actinide isotopes 243Am, 244Cm and
245Cm. Since these minor actinide isotopes mainly result from neu-
tron activation of plutonium their concentrations also increase dra-
matically at the fuel surface. As seen from the three plots the
concentrations of the minor actinides are about 4� higher at the
pellet rim than in the interior of the fuel. The radial distribution
of 237Np is shown in Fig. 9. The intensity profile is flat and does
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Fig. 8. Radial distributions of the minor actinide isotopes 243Am, 244Cm and 245Cm
in the fuel matrix.



Table 4
Average integral ion intensity of the Nd isotopes in the fuel cross-section measured by
SIMS and the derived isotopic abundance.

Isotope Ion intensity (c/s) Isotope abundance (%)

144Nd 4.09 � 105 42.5
145Nd 1.37 � 105 14.2
146Nd 2.00 � 105 20.8
148Nd 1.08 � 105a 11.2
150Nd 1.08 � 105a 11.3

a After correction for isobaric interference by samarium.
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Fig. 9. Radial distribution of 237Np in the fuel matrix. The error bars mark the
confidence limits at the 95% level (2r).
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not exhibit an increase at the fuel surface like the other minor acti-
nide isotopes measured.

6.2. Radial distribution of neodymium

The radial distributions of the stable Nd isotopes 144Nd, 145Nd,
and 146Nd, are shown in Fig. 10. As can be seen all three intensity
profiles increase noticeably in the region between r/ro = 0.8 and the
fuel surface. The radial intensity profiles for stable isotopes 148Nd
and 150Nd are not included in Fig. 10, because isobaric interference
exists with 148Sm and 150Sm. The profiles, however, have the same
form as the intensity profiles for 144Nd, 145Nd, and 146Nd.

The average integrated ion intensity of the Nd isotopes deter-
mined from their measured radial profiles and the isotope abun-
dance derived from the data is given in Table 4. The ion
intensities for 148Nd and 150Nd were determined by multiplying
the intensity measured at these masses by the weight fraction of
Nd present derived from fission yield tables. The correction factor,
which is burn-up dependent, was estimated to be 0.6 for mass 148
and 0.4 for mass 150. A correction for the difference in the ionisa-
tion yield of Sm and Nd was not applied. The data reported by Her-
vig et al. [21] reveal that the correction is <10% relative. Thus, it is
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Fig. 10. Radial distributions of the stable Nd isotopes 144Nd, 145Nd and 146Nd in the
fuel matrix. The lines were computed by three point smoothing and serve to
distinguish between the data for the different isotopes.
small compared with that for the weight fractions of Nd and Sm at
the masses 148 and 150.

6.3. Radial distribution of caesium

The radial distributions of 133Cs, 135Cs and 137Cs in the fuel ma-
trix are shown in Fig. 11. The profiles are constructed from the
average of two intensity measurements at each radial position.
Again, the concentrations of all three isotopes increase markedly
at the pellet surface. Further, it may be noticed that although about
25% of the ion signal at mass 137 emanates from 137Ba, the distri-
bution profiles for 137Cs and 133Cs are almost indistinguishable and
show a slight decrease in the central region of the fuel.

6.4. Radial distributions of xenon and krypton

Fig. 12 shows the radial distributions of the stable Xe isotopes
131, 132, 134 and 136. It can be seen that whilst the profiles for
134Xe and 136Xe exhibit the usual pronounced increase at the fuel
surface, the profiles for 131Xe and 132Xe do not. Attention is drawn
to the fact that in the 132Xe profile the data point closest to the fuel
surface is lower than the rest. This point lies within the band of
high burn-up structure at the fuel rim. Consequently, a drop in
the ion intensity is exactly what would be expected, because where
the high burn-up structure forms the fuel matrix is depleted in Xe
(see Fig. 4).

The increase in the intensity at the fuel surface exhibited by
134Xe and 136Xe is assumed to be due to isobaric interference by
the fission products Cs and Ba. Not only do these fission products
increase in concentration at the fuel surface, but they also have
much larger ion yields than Xe. Hence, their ion signals swamp
the Xe ion signal. Consequently, of the four isotopes measured only
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Fig. 11. Radial distribution of the Cs isotopes 133, 135 and 137 in the fuel matrix.
Isobaric interference exists between 137Cs and 137Ba. The lines were computed by
three point smoothing and serve to distinguish between the data for the different
isotopes.
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Fig. 12. Radial distributions of 131Xe, 132Xe, 134Xe and 136Xe in the fuel matrix. The
ion intensity signal for the masses 134 and 136 increases at the fuel surface,
whereas the signal for the masses 131 and 132 decreases.

0

1000

2000

3000

4000

5000

86
Kr

Io
n 

In
te

ns
ity

 , 
c/

s

0

100

200

300

400

500

0 0.2 0.4 0.6 0.8 1.0

83Kr

Relative Radius, r/ro

Io
n 

In
te

ns
ity

, c
/s

0

50

100

150

200

84
Kr

Io
n 

In
te

ns
ity

, c
/s

Fig. 13. Radial distributions of the stable Kr isotopes 83, 84 and 86 in the fuel
matrix. The error bars mark the confidence limits at the 95% level (2r).
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131Xe and 132Xe can be utilised for the study of the behaviour of Xe
by SIMS.

Fig. 13 shows the radial ion intensity profiles for 83Kr, 84Kr and
86Kr, which are all stable isotopes. Only the ion intensity of 86Kr de-
creases at r/ro = 0.99 at the fuel rim where the high burn-up struc-
ture is present; the ion intensities of the other two isotopes 83Kr
and 84Kr increase. For these latter two isotopes the observed in-
crease in intensity at the fuel rim is assumed to be due to molecu-
lar interference by 82SeH+ and 52CrO2
+, respectively. The fission

yield of 82Se is similar to that of 83Kr and H2 is present in the Zir-
caloy cladding due to dissociation of the coolant water. Chromium
is an alloying element of Zircaloy and diffuses into the fuel when
the cladding contacts the fuel surface. The intensity of the 52Cr+

ion signal was 3.5� higher at the fuel surface than at the pellet
mid-radius. Isobaric interference exists between 86Kr+ and
85RbH+, but since 85Rb is the daughter product of 85Kr the radial
distribution of this molecular ion follows that of 86Kr+.
6.5. Behaviour of xenon and krypton in the high burn-up structure

Examples of depth profiles for 132Xe and 84Kr in the high burn-
up structure are shown in Fig. 14. The intensity spikes in both
traces correspond to the gas released from the pores in the struc-
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ture during sputtering. Each spike is the result of the expulsion of
gas from the pore population in the sputtered layer. Attention is
drawn to the fact that in the case of the high burn-up structure
the spikes are not the result of gas release from a single pore. It will
be noted that few of the intensity spikes on the Xe and Kr traces in
Fig. 14 coincide. This is because in SIMS the isotopes are measured
consecutively by mass switching. (In the present case, the Xe and
Kr isotopes were measured at intervals of about 2 s.)

The radial variation of the 132Xe ion intensity signal from depth
profiling at radial intervals in the outer region of the fuel is shown
in Fig. 15. The profile represents the radial distribution of the total
amount of 132Xe retained in the fuel in the UO2 lattice, on grain
boundaries, and in pores and gas bubbles. It can be seen that in
the radial interval between r/ro = 0.95 and the fuel surface where
the high burn-up structure is present the 132Xe ion intensity in-
creases sharply and is about three times higher at the fuel rim than
at r/ro = 0.90.

Ion maps for the distribution of the stable fission product iso-
topes 133Cs and 85Rb in the high burn-up structure are presented
in Fig. 16. These isotopes are the decay products of 133Xe and
85Kr, and since they are solids they will be ionized in the conven-
tional manner during the sputter process. It is clear from the maps
that the fission gases Xe and Kr were present together in the pores
of the high burn-up structure. Pores that unambiguously show evi-
dence of having contained 133Xe and 85Kr are circled.

It is highly improbable that the Cs and Rb detected in the pores
have migrated there from the fuel matrix. At the temperature pre-
vailing close to the fuel surface, �500 �C, athermal diffusion pre-
dominates, which proceeds extremely slowly [22]. Accordingly,
in the literature it is well documented that Cs is immobile in the
outer region of UO2 fuel, and that, in contrast to the fission gases
it concentration in the fuel matrix is unaffected by the formation
of the high burn-up structure (see e.g., Ref. [23]). Rubidium, like
Cs, is an alkali metal earth of group 1A of the Periodic Table and
hence will behave similar to Cs. Moreover, fission fragments (fis-
sion products that possess all or part of the kinetic energy received
from the fission event) that interact with gas bubbles or pores
course resolution of the atoms that they contain rather than im-
plant matter into them (see e.g., Refs. [24,25]).

6.6. Behaviour of the volatile fission products iodine, tellurium and
caesium in the high burn-up structure

Ion maps showing the distribution of 129I, 130Te and 137Cs in the
high burn-up structure at the fuel rim are contained in Fig. 17.
From the maps it appears that the three fission products behave
differently. Caesium is clearly present in most of the pores of the
high burn-up structure, whereas Te seems to have concentrated
in certain pores only. Iodine, on the other hand, is relatively uni-
formly distributed which may indicate that it is also on the UO2

grain boundaries as well as in the pores. The area of high iodine
concentration in the 129I ion map might point to the presence of
a fission product iodide (e.g., TeI2, CsI2) as it is appears too large
to be a gas pore.

7. Discussion

7.1. Behaviour of plutonium and the minor actinides

The concentrations of all the actinide isotopes analysed except
237Np show a sharp increase at the fuel pellet surface. 237Np be-
haves differently because it is produced by the capture of thermal
neutrons by 235U, whereas all the Pu, Am and Cm isotopes originate
from the capture of epithermal neutrons by 238U. The capture of
thermal neutrons by 235U is only weakly dependent on radial posi-
tion (reflecting the thermal flux depression), whereas the capture
of epithermal neutrons by 238U is concentrated in the outer region
of the fuel. Consequently, 237Np is relatively uniformly dispersed in
the fuel, whereas the concentrations of the Pu, Cm and Am isotopes
increase steeply in the vicinity of the fuel surface. 237Np is also a
decay product of 241Am and about 15% of the Np present was
formed by this route. In a similar SIMS study carried out concur-
rently with this one by Desgranges et al. [26] the radial distribution
of 237Np was also found to differ from that of the other actinide iso-
topes measured.



Fig. 16. Gas bubbles in the high burn-up structure as revealed by ion maps for 133Cs and 85Rb, the decay products of 133Xe and 85Kr. The fission gases Xe and Kr are together in
the bubbles. The colour coding correlates with the local ion intensity. Black is low; red is high.

Fig. 17. Ion maps showing the distributions of 129I, 130Te and 137Cs (137Ba) in the high burn-up structure at the fuel rim.
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The isotopic composition of plutonium obtained from the radial
distribution of the isotopes measured by SIMS (Fig. 7) is given in
Table 5. This Table gives the average isotopic composition of Pu
in the fuel cross-section and the isotopic composition of Pu in
the central region of the fuel and at the fuel periphery. The abun-
dance of 241Pu (8.7%) was derived by correcting the chemical
burn-up analysis result in Table 5 for radioactive decay during
10 years. The abundances of the other isotopes were obtained by
normalising the measured data to 91.3%. It is evident from Table
5 that the isotopic composition of Pu produced at the fuel periph-
ery is slightly different from that produced in the central region of
Table 5
Isotopic composition of Pu from the radial distribution of the isotopes measured by
SIMS.

Pu isotope Abundance (%)

Cross-section average
(65 MWd/kgHM)

r/ro = 0.2
(58 MWd/kgHM)

r/ro = 0.97
(78 MWd/kgHM)

239Pu 46.2 45.2 48.7
240Pu 29.4 32.2 25.5
241Pu 8.7a 8.7a 8.7a

242Pu 15.7 13.8 17.1

a Theoretical abundance derived from the chemical burn-up analysis result after
applying a correction for radioactive decay during 10 years.
the fuel. That formed at the fuel periphery contains more 239Pu and
242Pu, and less 240Pu. These differences may be explained by differ-
ences in the energy spectrum of the neutron flux at the two
locations.

To confirm their correctness, the SIMS profiles for the actinide
isotopes were compared with the isotope distributions calculated
with the new version of the TUBRNP burn-up model of the TRAN-
SURANUS code [27] and the Monte-Carlo burn-up code ALEPH [28].
The current versions of the TUBRNP model and the ALEPH code
have the capability to calculate the shape of the radial isotope pro-
file, but they cannot compute the concentration level of the iso-
tope. The measured and calculated radial distribution of the
actinide isotopes were similar in all cases. The good agreement ob-
tained is exemplified in Fig. 18 by the results for 240Pu, 237Np and
244Cm.

7.2. Behaviour of neodymium and determination of the radial burn-up
profile

The concentration of all the Nd isotopes analysed increased at
the fuel surface as a result of an increase in the local burn-up
caused by the fission of Pu resulting from neutron capture by 238U.

Since neodymium is immobile in nuclear fuel its local concen-
tration can be used as an indicator of the local burn-up. The radial
burn-up distribution in the fuel sample investigated by SIMS had
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Fig. 18. Comparison of the radial profiles for 237Np, 240Pu and 242Cm measured by
SIMS with the radial isotope distributions calculated by the TUBRNP model [27] and
the ALEPH burn-up code [28].
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been earlier determined from the radial distribution of Nd mea-
sured by EPMA (see Section 4.3 and Fig. 2). The average integral
concentration of Nd in the fuel cross-section was found to be
0.63 wt%. Since the average burn-up of the SIMS sample was 65
MWd/kgHM (determined from the gross gamma scan after calibra-
tion by chemical burn-up analysis [11]) it follows that 0.097 wt%
Nd equals 10 MWd/kgHM. Using this relationship, it can be shown
from the radial Nd profile in Fig. 2 that the burn-up over the fuel
cross-section varied from about 60 MWd/kgHM in the interior of
the fuel to 140 MWd/kgHM at the fuel periphery.

Valot et al. [29] have demonstrated that the radial burn-up
profile in nuclear fuel can be determined from the radial distri-
bution of the Nd isotopes measured by SIMS. They used the iso-
topic ratio 145Ndþ146Nd

238U , which was calibrated against burn-up using
a fuel sample whose burn-up had been determined by isotopic
dilution analysis. The authors state that the error on the burn-
up value obtained by this method is ±5 MWd/kgHM. However,
the fission yields of the Nd isotopes change during irradiation,
because, for instance, the relative contributions of the main fis-
sile isotopes 235U and 239Pu changes considerably with burn-up.
Consequently, the enrichment and burn-up of the reference fuel
must be similar to that of the fuel sample whose burn-up is to
be determined. A suitable reference fuel may not always be
available. Therefore, in the present work the average burn-up
of the fuel sample, Bu, was calculated from the SIMS results for
the isotopic abundances of 145Nd, 146Nd and 148Nd and the EPMA
data for the elemental concentration of Nd in Fig. 2 using the fol-
lowing equation.

Bu ¼ 9:380 � CNd � ai

ð mi
mUO2
Þ � FY

MWd=kgHM ð1Þ

where CNd is the integral average concentration of Nd in the fuel
cross-section measured by EPMA (0.63 wt%), 9.380 is the factor
for converting the burn-up units from at% to MWd/kgHM (assuming
a fission energy of 200 MeV), ai is the isotope abundance measured
by SIMS, mi is the mass of the Nd isotope, mUO2 is the atomic mass of
UO2 and FY is the fission yield. The fission yield values used are
composed of the fission yields for 235U and 239Pu obtained from
the compilation of Meek and Rider [30]. From the composition of
the puncture gas it is assumed that 70% of fissions occurred in
235U and 30% in 239Pu (see Subsection 4.1.).

The average burn-up determined from the abundance of 148Nd
was 72 MWd/kgHM, whereas using the combined abundances of
145Nd and 146Nd a burn-up of 59 MWd/kgHM was obtained. The
burn-up of 65 MWd/kgHM determined by EPMA (see Section 4)
lies in between these two values. Using 148Nd has the advantage
that the fission yields are similar for 235U and 239Pu (0.0169 and
0.0166, respectively). However, a correction has to be applied for
isobaric interference by 148Sm and the magnitude of this at high
burn-up is uncertain. The isotopes 145Nd and 146Nd, on the other
hand, are affected by neutron capture by 145Nd during irradiation
and hence their concentrations in the fuel are different from the
values calculated from the fission yield. Therefore, the sum of the
abundances of the two isotopes was used to calculate the burn-
up. This also has the advantage that the fission yield (0.0649) is
about four times higher and the isotope abundance (0.3499) is
about three times higher than the values for 148Nd (0.0168 and
0.1124, respectively).

Knowing the average cross-section burn-up of the sample, the
radial burn-up profile in the fuel can be determined from the mea-
sured radial distribution of the Nd isotope. The radial profiles for
145Nd and 146Nd in Fig. 10 indicate that the burn-up increased by
a factor of two at the fuel surface from about 55 to 112 MWd/
kgHM. Thus, the increase in burn-up at the fuel surface measured
by SIMS is somewhat lower than that measured by EPMA (see Sub-
section 4.3). The disparity can be explained by the fact that the ion
signal was collected from an area measuring 100 � 100 lm,
whereas the X-ray signal in EPMA was collected from a spot about
0.8 lm in diameter. Since the burn-up increases steeply in the
vicinity of the fuel rim these differences in the size of the region
of excitation clearly dictate the magnitude of the burn-up value
measured.

7.3. Behaviour of the fission gases Xe and Kr in the high burn-up
structure

It is evident from the SIMS depth profiles in Fig. 14 and in the
ion maps in Fig. 16 that the pores in the high burn-up structure
contain Xe and Kr. In Fig. 19 the 132Xe profile measured in the outer
region of the fuel by depth profiling at high current density
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(Fig. 15) is superimposed on the EPMA concentration profile for the
radial distribution of Xe retained in the fuel matrix (Fig. 4). Also in-
cluded in the plot for the purposes of comparison is the burn-up
profile determined from the local concentration of Nd measured
by EPMA (Fig. 2). It can be seen from Fig. 19 that in the radial inter-
val between r/ro = 0.95 and the fuel surface, where the HBS is pres-
ent, SIMS measures a steep increase in the concentration of Xe as it
detects the gas in the pores. The fact that the increase in gas con-
centration measured at the fuel rim by SIMS is greater than the in-
crease in the local burn-up suggests that almost all the gas missing
from the UO2 matrix is contained in the pores of the high burn-up
structure.

During depth profiling the Xe count rate obtained from the
high burn-up structure during SIMS depth profiling varied be-
tween 11,760 and 123,000 c/s. The former count rate clearly cor-
responds to the concentration Xe in the grains of the high burn-
up structure, which from EPMA is about 0.25 wt%, whereas the
higher count rates recorded are the results of ion contributions
from the gas contained in the pores of the high burn-up struc-
ture. Assuming that the ion yield of Xe in the pores is the same
as that of Xe in the fuel matrix then the highest ion count rate
measured (123,000 c/s) corresponds to a Xe concentration of
2.6 wt%. From the variation in the magnitude of the intensity
spikes in the Xe depth profile in Fig. 14 it is evident that Xe con-
tent in the sputtered layers varied between the two extremes of
0.25 and 2.6 wt%.

During the sputtering time of 3000 s a total of 4.29 � 107 counts
for Xe were accumulated. Of this number, 9.26 � 106 counts origi-
nated from Xe retained in the fuel matrix. The remaining counts re-
sulted from Xe in the pores of the high burn-up structure. Taking
the matrix counts (9.26 � 107) to be equivalent to a concentration
of 0.25 wt%, the total number of Xe counts measured corresponds
to a concentration of 1.16 wt%. The concentration of Xe created
at r/ro = 0.98 were the depth profile was made is calculated to be
1.14 wt%. Thus, the total amount of Xe detected in the high burn-
up structure by SIMS depth profiling is in good agreement with
the amount created. From this finding it is deduced that little if
any gas was released from the high burn-up structure during the
irradiation.

An important question with implications for the behaviour of
the high burn-up structure during a RIA or a loss of coolant acci-
dent (LOCA) is the pressure of the gas in the pores of the high
burn-up structure. For the low power sample from 12H3 the max-
imum gas pressure in the pores of the high burn-up structure is
calculated from Eq. (2) to be 230 MPa, which corresponds to the
maximum pressure that is sustainable by the fuel [1]. There are,
however, only 11 points in the Xe depth profile in Fig. 14 where
the measured ion intensity gives a Xe concentration that corre-
sponds to a gas pressure that is in excess of 25 MPa according to
Eq. (2). Although relatively low, the latter pressure is about 10�
higher than the average surface tension pressure of the pores
(2c/r) which is 2.6 MPa, assuming c = 1 Jm�2 and the average pore
radius to be 0.76 lm (Fig. 6). From the average integral concentra-
tion of gas in the pores in the volume of material sputtered during
depth profiling, 0.91 wt%, the average pressure of the gas in the
pores is about 45 MPa. Thus, the pores of the high burn-up struc-
ture are overpressurised, but generally not excessively so.

It is well known that at high pressure and temperature, gas
deviates from the perfect gas law. To account for any deviation,
the pressure of gas in the pores of the high burn-up structure
was calculated using the hard sphere equation of state of Brearly
and MacInnes [31] which is written:

P ¼ nkT
V

� �
ð1þ yþ y2 þ y3Þð1� yÞ�3 ð2Þ

where n is the number of moles of gas (Xe + Kr) in the pores, k is the
Universal Gas Constant expressed in atm/cm3, y is the reduced den-
sity, T is the local fuel temperature and V is the volume fraction of
the pores. The reduced density, y, is given by pd3

6

� �
Ng

V

� �
, where d is

the diameter of a Xe atom, which is taken to be 0.39 nm (see Fig. 1,
ref. [31]) and Ng is the number of gas atoms in the pores. The local
fuel temperature, T , was taken to be 400 �C and the volume fraction
of the pores, V , was taken to be 0.162. The latter value was obtained
from the EPMA electron absorption micrograph in Fig. 5.
8. Conclusions

For the study of the in-pile behaviour of fission products and
actinides in nuclear fuel SIMS is a powerful complimentary analyt-
ical tool to EPMA. Its principal advantage lies in its low limit of
detection; about 0.001 ppm compared with 200 ppm for EPMA.
This enables the analysis of fission products of low fission yield,
such as I, Rb and Br, which are implicated in stress corrosion crack-
ing of Zircaloy cladding, as well as the investigation of the minor
actinides, Np, Am and Cm. Further advantages include the capabil-
ity to detect the fission gas Kr and to detect the fission gas con-
tained in gas pores and bubbles in the fuel independent of their
size.

The main disadvantage of SIMS, if the problem of quantification
is neglected, is that mass interference is wide spread in the second-
ary ion spectra obtained from irradiated nuclear fuel. For example,
of the five stable Nd isotopes 144, 145, 146, 148 and 150, only 144,
145 and 146 are interference free. Moreover, owing to mass inter-
ference, 131Xe and 132Xe and 86Kr are the only isotopes that can be
used to measure the radial distribution of the fission gases.

From the different SIMS investigations reported in this article
and the considerations in the previous section a number of conclu-
sions can be drawn.

� The radial distribution of Np in irradiated UO2 fuel differs from
that of Pu and the other minor actinides Am and Cm. This is
because 237Np is produced by the capture of thermal neutrons
by 235U, whereas the Pu, Am and Cm isotopes originate from
the capture of epithermal neutrons by 238U.

� Using a suitable calibration method, the average cross-section
burn-up and the burn-up distribution along the pellet radius
can be obtained from SIMS analysis of the radial distribution
of one or more of the stable Nd isotopes. From the radial distri-
butions of 145Nd, 146Nd and 148Nd it was calculated that the
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average burn-up of the fuel sample was in the range 59 to
72 MWd/kgHM , and that the burn-up increased by a factor of
two at the fuel surface.

� The fission gas Kr behaves similar to Xe. In the high burn-up
structure the two fission gases are together in the pores. By com-
bining SIMS and EPMA results for the radial distribution of Xe in
the outer region of the fuel and using depth profiling to deter-
mine the relative proportions of gas in the pores and the fuel
matrix it was finally confirmed that almost all of the gas missing
from the fuel matrix is contained in the pores of the high burn-
up structure. The pressure of the gas in these pores was derived
from SIMS depth profiling results for Xe and Kr in the high burn-
up structure. The pores are overpressurised, but generally not
excessively so. In fact, few of the pores present are sufficiently
overpressurised to initiate energetic fragmentation of the fuel
during a RIA or LOCA.

� In addition to the fission gases Xe and Kr, the pores of the high
burn-up structure contain the volatile fission products Te, Cs, I
and Rb (and almost certainly Br). Thus, the partial pressures of
these fission products need to be taken into account when calcu-
lating the level of pressure in the pores.
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