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Abstract Isotopic analyses of radioactive materials such as
irradiated nuclear fuel are of major importance for the
optimization of the nuclear fuel cycle and for safeguard
aspects. Among the mass-spectrometric techniques avail-
able, inductively coupled plasma mass spectrometry (ICP-
MS) and thermal ionization mass spectrometry are the most
frequently applied methods for nuclear applications. Be-
cause of the low detection limits, the ability to analyze the
isotopic composition of the elements and the applicability
of the techniques for measuring stable as well as radioactive
nuclides with similar sensitivity, both mass-spectrometric
techniques are an excellent amendment to classical radio-
activity counting methods. The paper describes selected
applications of multicollector ICP-MS in combination with
chromatographic separation techniques and laser ablation
for the isotopic analysis of irradiated nuclear fuels. The
advantages and limitations of the selected analytical
technique for the characterization of such a heterogeneous
sample matrix are discussed.
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Introduction

The characterization of nuclear fuel cycle materials for long-
lived radionuclides, such as fission products and actinides, is
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of interest for the nuclear industry and safeguard officials. For
instance, the determination of the isotopic composition is
essential in nuclear waste management, owing to long
radioactive half-lives, high radiological toxicity and criticality
concerns. Moreover, actinide isotope determinations are
necessary for waste classification purposes and when new
types of fuels and/or reactor operating conditions are
investigated. Therefore, the main objective of various
international programs dealing with postirradiation examina-
tions (PIE) is focused on improving knowledge of the
inventories of actinides, fission and neutron activation
products in spent nuclear fuels [1]. The determination of
trace amounts of these elements (concentration and isotopic
composition) provides a relevant database for the validation
of theoretical models and is of major importance for fuel
licensing, safety studies, nuclear forensics, increasing the
fuel enrichment for power reactors and for the storage of
nuclear waste in geological repositories.

Radioactive isotopes like actinides and most of the fission
products in nuclear fuel are traditionally quantified by means
of radioactivity counting techniques («, 3, v). However, these
methods often require extensive matrix separation and sample
purification before the identification of specific isotopes and
the determination of their relative abundance is possible.
Therefore, different mass-spectrometric techniques (such as
glow discharge, secondary ion, laser ionization, thermal
ionization or inductively coupled plasma mass spectrometry,
ICP-MS) were established for the characterization of nuclear
materials. Advantages are the low detection limits for a large
number of elements combined with the ability to analyze the
isotopic composition of the elements and the applicability of
the techniques for measuring stable as well as radioactive
nuclides with similar sensitivity. Among these techniques,
ICP-MS and thermal ionization mass spectrometry (TIMS)
are the most frequently applied methods and are also used for
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routine measurements in the nuclear industry [2—7]. For
example, the American Society for Testing and Materials
(ASTM) has developed and published ICP-MS atom counting
standard methods for the determination of many long-lived
actinides and their daughter products [8—11]. Beside the well-
established techniques of sector-field and quadrupole-based
ICP-MS (with or without collision/reaction cells) multi-
collector (MC) ICP-MS has gained much attention in the last
few years owing to the significant increase in precision of
the isotopic measurements combined with high sample
throughput. Therefore and owing to the access to a wide
variety of elements, MC-ICP-MS is starting to complement
the commonly used technique of TIMS [12-16].

Typical applications of ICP-MS described in the accessible
literature for nuclear fuel cycle materials have been the
characterization of radioactive waste glasses [17], the deter-
mination of fission products in leachates and dissolver
solutions of spent fuel [18, 19], process and quality control
for actinides in pyrochemical partitioning processes [20],
half-life determinations of radionuclides [21] and the charac-
terization of solutions generated from corrosion testing of
spent nuclear fuel under simulated geological conditions [22].

Numerous isobaric overlaps restrict the direct determi-
nation of many fission products and actinides by ICP-MS
and because of the unknown isotopic composition of the
sample these interferences cannot be corrected mathemat-
ically; therefore, extensive chemical separations are crucial
for these elements [23]. In order to simplify the sample
preparation procedure for highly radioactive samples, the
method of online coupling of liquid chromatographic
separation systems to overcome isobaric interferences in
nuclear fuel samples was proposed in the early 1990s.
These hyphenated techniques were developed and applied
in different laboratories [24-26]. The online coupling with
chromatographic separation devices (ion chromatography
or high-performance liquid chromatography, HPLC)
allowed the resolution of the isobaric interferences of
fission products such as Rb, Sr, Cs, lanthanides and
actinides [27-33]. Beside chromatographic separations of
interfering elements, the successful use of chemical cell
ICP-MS technology has also been reported for interference
reduction of U/Pu [34, 35] and St/Zr [36].

Among the characterization of spent nuclear fuel itself, the
investigation of the materials behavior of the fuel cladding
and the reactor internals under irradiation is also of relevance
for safety reasons. In order to obtain spatial information on all
types of nuclear fuel cycle materials, which is not possible
when samples have to be dissolved before an analysis,
coupling and adaptation of commercial laser ablation (LA)
systems for the direct analysis of radioactive materials have
been successfully realized in few hot laboratories [37, 38].
LA-ICP-MS offers the advantages of high spatial resolution,
low sample preparation, low limits of detection and good
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quantification capabilities. In the last couple of years,
significant progress has been achieved in improving the
sensitivity of the LA-ICP-MS technique and various
quantification strategies have been reported [39]. Therefore,
the use of LA-ICP-MS for the characterization of nuclear
fuel cycle materials offers significant advantages and the first
applications of this technique providing new insights into the
behavior of nuclear fuels under irradiation have recently
been reported [40].

The origin of the PIE experiments for light water reactor
fuel at the Paul Scherrer Institut (PSI) dates back to the
early 1980s. Since that time the analytical tools for
nondestructive and destructive investigations of irradiated
nuclear fuels have grown continuously and involve today
MC-ICP-MS, LA-MC-ICP-MS, gamma spectrometry, pro-
filometry, oxide thickness measurements, electron probe
microanalysis (EPMA), secondary ion mass spectrometry
(SIMS), scanning and transmission electron microscopy
and other mechanical testing equipment. This paper
provides an overview of various applications of ICP-MS
in combination with HPLC as a separation technique and
LA-MC-ICP-MS for the investigation of nuclear fuel cycle
materials at the PSI hot laboratory. Examples for burn-up
and fission product analysis as well as the determination of
actinide isotope ratios are discussed in detail.

Experimental
Sample preparation

The radioactive nature of the material requires special
equipment for sample preparation and for the analysis of
nuclear fuel samples, which is realized by working in
shielded hot cells or glove boxes. The apparatus for the
dissolution of nuclear fuel samples which is installed in a hot
cell is shown schematically in Fig. 1. Typically, 1-cm-long
irradiated segments of UO, or mixed oxide (MOX) fuels
are cut in hot cells from the entire fuel rods and dissolved
under reflux using 8 M HNO; (VLSI, Fluka) at about
170 °C for 4 h. A vacuum pump transports the escaping
gases through three gas-washing bottles and a filter. The
first two bottles are filled with 4 M NaOH solution in order
to retain the released iodine, whereas the third bottle is
empty and protects the filter and the pump from the
NaOH solution. After filtration of the slightly soluble
residues, stock solutions of the fuel samples are prepared
by dilution with 1 M HNO; up to a concentration of about
0.5 mg fuel per gram of solution. Typically about 1-2%
of the fuel sample is slightly soluble in nitric acid. This
residue mostly consists of refractory elements like Mo,
Ru and Rh. For isotope dilution analyses, aliquots of the
stock solutions are mixed with suitable spike isotope
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Fig. 1 Experimental setup for fuel dissolution including iodine capturing

reference materials (***U-enriched spike IRMM-040a, >**Pu-
enriched spike IRMM-049¢ and '*°Nd-enriched spike from
ORNL) and diluted with 1% HNOs up to a concentration
that can be measured by HPLC-ICP-MS. A further set of
aliquots is directly diluted with 1% HNO; without spike
addition.

High-performance liquid chromatography

A HPLC system (DX600 GS50, Dionex, Switzerland)
equipped with TonPac 2-mm CS5A, CS12A (Dionex,
Switzerland) or Gemini C18 ion-pair (Phenomenex,
Germany) analytical columns is partly encapsulated in a
glove box together with the ICP-MS sample-introduction
system. The technical details of the chromatographic
system, the mobile phases used, the chromatographic
separation conditions and the online coupling to the ICP-
MS system have been described elsewhere [25, 41]. The
flow rate of the HPLC system is adjusted between 0.25
and 0.40 mL/min and the injection valve is equipped with
a sample loop of 10 puL.

Laser ablation

The special demands on a LA system for the analysis of
highly radioactive materials include permanent shielding of
the samples. Therefore, a custom-built LSX 3700 LA
system (Nukeuss, Cetac Technologies, Omaha, USA),
which is based on a frequency-quadrupled Brilliant B Nd:
YAG solid-state laser, is used. The laser system provides a
pulse width of 6 ns, a repetition rate of 0.5-10 Hz and
allows output energies up to 60 mJ per pulse. The minimum
crater size is 10 um. The details of the LA system, optics,
«-box-installation, shielding and ablation cell design have
recently been reported [38].

Inductively coupled plasma mass spectrometry

For more than 10 years the isotopic and elemental analysis of
nuclear fuel samples at PSI has been performed using a
quadrupole-based ICP-MS instrument (PQ2+, VG Elemen-
tal, UK). Since the analytical performance of such an ICP-MS
instrument is limited for precise isotope ratio measurements,
a MC-ICP-MS instrument (Neptune, Thermo Fisher Scien-
tific, Germany) was installed in 2001 in the PSI hot
laboratory and has been used for precise isotopic character-
ization of different materials in combination with the HPLC
and the LA system [38, 41]. For the handling and analysis of
nuclear fuel cycle materials the sample-introduction system
of the MC-ICP-MS instrument (peristaltic pump, nebulizer,
spray chamber, torch box and cones) is encapsulated within
a glove box.

All isotope ratio measurements have to be corrected for
mass bias by normalization to an invariant or known
isotope ratio of the same element (internal correction) or
to a well-characterized isotope reference material (external
correction). Since internal corrections are not applicable for
irradiated nuclear fuel samples, a bracketing procedure
between samples and well-characterized reference materials
was applied for mass bias corrections in this study (NIST-
SRM 100 for U, NIST-SRM 948 for Pu and a single-
element Nd standard solution from SPEX which is well
characterized by TIMS).

Results and discussion
Burn-up determination by HPLC-MC-ICP-MS

The burn-up of nuclear fuel is one of the most important
parameters that has to be determined in the frame of PIE
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experiments. It is proportional to the quotient of the number
of fissions N and the number of heavy metal atoms Ny, (U
and Pu) which were present in the fuel before irradiation.
The burn-up is given in percentage of fissions per initial
metal atom (FIMA):

%FIMA = ]]Vv—g x 100. (1)
M

The experimental determination of the burn-up involves
the analysis of the total heavy-element composition after
irradiation and the concentration of a suitable fission
product used as a burn-up monitor, e.g., 148Nd, as described
in the ASTM standard method [23]. The number of fissions
Nr is calculated according to Eq. (2):

Ny = ];Nd148 ’ (2)

Nd148

where Nyqiss is the number of **Nd atoms and Yxgjag is
the effective fission yield of '**Nd. The effective fission
yield of "**Nd has to be calculated by weighting the yields
for '**Nd from the four main fissionable nuclides (**°U,
B8y, 239py, 241Pu) with the contributions of these nuclides
for the corresponding fuel type (UO, or MOX) for each
individual fuel sample [42]. The effective fission yields
increase slightly with burn-up for both UO, and MOX,
mostly because of the increasing contribution of 2*'Pu.
Owing to neutron capturing of '*'Nd, some extra '"**Nd is
produced, whereas some '**Nd is also destroyed by the
same effect. Typically, no corrections for these minor
contributions are performed. Estimations of the neutron
capturing processes have indicated that the effect on the
number of '**Nd atoms is in the range of below 1% for
MOX and below 2% for UO, fuel. The relative contribution
of capture in '*’Nd is almost independent of the burn-up,
whereas the fraction of '**Nd destroyed increases linearly
with burn-up.

Consequently, the characterization of the burn-up
includes the mass-spectrometric analysis of the concen-
trations of U, Pu and "**Nd. The quantification is carried
out by isotope dilution, which is known as the most precise
quantification method for mass-spectrometric analyses.

U and Pu have isobaric interferences with each other and
with other actinides (23 8U/3Pu, 2Y'Puf* Am, 2*?Pu/**?Am,
24pu/2*Cm), whereas Nd has interferences from other
lanthanides ('**Ce, '"**Ce, '**Sm, '’°Sm). The classical
method for burn-up determination involves slow offline column
techniques in order to isolate Nd, Pu and U from the interfering
elements. In order to circumvent these time-consuming
separations and to minimize the exposure to high dose rates
for the operator, an online coupled HPLC-MC-ICP-MS system
was established at the PSI hot laboratory.

The online HPLC separation developed for Pu and U
proved to be sufficient to resolve the isobaric interference
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between 2**Pu, which is normally present at trace concen-
trations, and >**U as the main component of UO, and MOX
fuels [14]. A detailed comparison of the precision for
steady-state and transient signals has been given for the
HPLC-MC-ICP-MS system described [41]. Generally it can
be stated that the external reproducibility for transient
signals is less than an order of magnitude lower compared
with that for steady-state signals.

In order to determine the burn-up monitor **Nd it is
necessary to separate this nuclide from the interfering
isotope '**Sm. In aqueous solutions, the group of lantha-
nides is present as strongly hydrated trivalent cations.
Because of their similar ionic properties they cannot be
separated easily by cation exchange. With use of an
appropriate chelating agent such as a-hydroxyisobutyric
acid, the selectivity of the separation can be increased [27].

Figure 2 shows a typical chromatographic separation of
Nd from the interfering lanthanides in a MOX fuel sample
as well as the isotope ratios "**Nd/'*°Nd and '**Sm/'*’Sm
on the separated peaks, respectively. Whereas '**Nd and
'3°Nd are mainly produced by fission, the '**Sm and '*°Sm
atoms are predominantly formed as a result of neutron
capturing of the precursor isotopes and their signals have
therefore to be separated from the Nd signals. In contrast to
the TonPac CS5A column based separation of Nd on
standard materials reported in [41], an ion-pair chromato-
graphic approach was used in the present study. This
technique provides a much better baseline separation of the
interfering lanthanides and less peak tailing, resulting in a
higher precision of the isotope ratios of the nuclides that
have interferences. Even a baseline separation between the
interfering isotopes '*’Sm and '*’Pm can be achieved with
the chosen chromatographic parameters. Since the concen-
trations of Nd and Sm and therefore the signal intensities
are nearly identical, both elements could be quantitatively
determined by isotope dilution within one chromatographic
run. However, since the Neptune MC-ICP-MS instrument is
only equipped with nine Faraday cups it is not possible to
determine all isotopes of Nd and Sm with the same cup
configuration. Mass bias correction using the exponential
correction law was carried out on the mean values of the Nd
isotope ratios after several individual injections of the
unspiked and spiked fuel samples but not for each data
point within one chromatographic run. The external
reproducibility of the uncorrected Nd isotope ratios in fuel
samples for repeated injections was determined to be in the
range 0.01-0.05% (n=4), which is a significant improve-
ment by at least 1 order of magnitude in comparison with
the same Nd measurements carried out by quadrupole ICP-
MS. The corresponding Nd concentrations (milligrams of
Nd per gram of fuel) determined by isotope dilution
analysis typically have an uncertainty of 0.3—-1.2% since
these results are also influenced by the uncertainty of the
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solution. The U and Pu elemental concentrations, which are
also necessary input data for the calculation of the fuel
burn-up, are typically determined with a lower uncertainty
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A special case is the determination of the fission product
Cs, since natural Cs is monoisotopic ('**Cs) and can
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Fig. 4 Determination of the ***U/**®U isotope ratio along the cross
section of an irradiated UO, fuel sample depending of the radial position
on the fuel rod (the dashed line corresponds to the **°U/***U ratio
determined by high-performance liquid chromatography multicollector
inductively coupled plasma mass spectrometry, HPLC-MC-ICP-MS, in
the dissolved fuel sample)

Ba (PSI approach) or Eu and Sb [43] have to be used for
the external mass bias correction.

Application of LA-MC-ICP-MS for the investigation
of fuel cycle materials

LA-ICP-MS is advantageous for isotopic determination in
solid samples because it requires little or no sample
preparation (thus minimizing the likelihood of sample or
operator contamination when handling radioactive materi-
als). But this technique has also some inherent drawbacks.
Precise and accurate quantitative analyses depend on the
availability of an internal standard with a known concen-
tration within the sample and require certified reference
materials that match the sample matrix. Typically, solid
matrices are known to be inhomogeneous and, consequent-
ly, the precision achieved by LA-ICP-MS is usually
significantly lower than for analyses on digested samples.
However, when the spatial variation of an analyte is of interest
(e.g., for the determination of hot spots) LA-ICP-MS is an
advantageous technique.

During irradiation the nuclear fuel matrix changes
significantly, with fission product concentrations varying
along the fuel pellet cross section. Neutron-capture reac-
tions and fuel-cladding interactions at the pellet periphery
enhance the inhomogeneous distribution of fission products
and actinides. Since these processes and the resulting
nuclide distribution across the fuel pellet strongly depend
on the actual burn-up, the selection of an internal standard
with a known concentration and a homogenous distribution
is very limited. Therefore, the utilization of LA-ICP-MS for
quantitative analysis of nuclear fuel is significantly restrict-
ed. The inhomogeneous porosity of the fuel samples after
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irradiation further complicates the comparison of analyte
signals from different laser spots, since a decrease of the
nuclide intensity in the mass spectrometer may be contributed
by a lower spatial analyte concentration in the sample or from
less ablated material. Therefore, the use of LA-ICP-MS for
nuclear fuel samples represents a challenging approach and
will probably be limited to only a few selected applications,
such as the determination of fission gas inclusions in the fuel
matrix [40] or the investigation of isotope ratios of fission
products and actinides along the fuel cross section.

In Figs. 4 and 5 the local determination of the isotope
ratios for U and Pu by LA-MC-ICP-MS is shown close to
the fuel-cladding interface of a high-burn-up UO, fuel
sample. During the analysis of a dissolved fuel sample from
the same fuel rod by HPLC-MC-ICP-MS the concentration
ratio between 2**U and the interfering nuclide ***Pu was
determined to be more than 750. Therefore, the influence of
238py on the U isotope ratio shown in Fig. 4 can be
neglected. The general trend of the U isotope ratios versus
the distance from the cladding on the four different
sampling positions is reproducible. However, a shift of the
absolute values can be observed depending on the radial
position, which is related to the influence of the adjacent
fuel rods in the bundle. The results for the Pu isotope ratios
(Fig. 5) are in good agreement with analyses performed by
EPMA and SIMS on the same fuel rod (unpublished data) and
also coincide with the data measured by HPLC-MC-ICP-MS
on a dissolved fuel sample. However, the influence of **' Am
on the signal at mass 241 cannot be neglected since the
concentration of **'Pu in this sample is only about 25 times
higher than the **'Am concentration (determined in a
dissolved fuel sample). This fact further complicates the
interpretation of the distribution profile for isotopes that
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Fig. 5 Determination of Pu isotope ratios along the cross section of
an irradiated UO, fuel sample, radial position 90° (for comparison, the
242py/23°py ratio of a dissolved fuel sample was determined to be
0.541+0.001 by HPLC-MS-ICP-MS)
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have interference from other nuclides and restricts direct LA-
ICP-MS measurements to isotopes without interference.
Because of the lack of a certified reference material and a
suitable and homogeneously distributed internal standard,
the direct quantification of U or Pu in such a sample matrix
is not possible by LA.

Whereas nuclear fuel is a comparably difficult sample
matrix for LA, other activated materials from the nuclear
fuel cycle can be analyzed quantitatively with less
constraint. One of the major topics regarding the fuel
integrity within boiling water reactors is the problem of
stress corrosion cracking (SCC) of recirculation piping and
stainless steel reactor internals. To mitigate SCC, the water
chemistry can be changed in order to lower the electro-
chemical corrosion potential. This is normally achieved by
adding hydrogen or by the NobleChem™ technology
(General Electrics). During this process noble metals
(Pt/Rh) are added to the feed water of the reactor, deposit
on the reactor inner surfaces and act as electrocatalysts that
efficiently recombine O, and H,0O, with H, on metal
surfaces. In order to study the transport, distribution and
deposition behavior of Pt and Rh on the reactor internals,
LA-ICP-MS is successfully used at PSI to quantify such
thin noble metal layers on activated steel samples from
nuclear power plants [44]. It could be shown that the setup
can achieve detection limits lower then 0.003 pg/cm? for
both noble metals.

Conclusions

An overview of typical applications of MC-ICP-MS
(solution nebulization with or without HPLC coupling and
direct solid analysis using LA) for the investigation of
highly radioactive materials at the PSI hot laboratory was
given. In addition, the determination of the fuel burn-up by
HPLC-MC-ICP-MS and the determination of actinide
isotope ratios by LA-MC-ICP-MS were discussed in detail.
Both analytical techniques fulfill the requirements for the
characterization of nuclear fuel cycle materials and are
applied to improve the understanding of fundamental
processes during the irradiation of nuclear fuel.
Nevertheless, the physical and chemical characteristic of
irradiated nuclear fuel samples (inhomogeneous nuclide
distribution and porosity) strongly restricts the application
of LA-ICP-MS for quantitative analysis of this matrix.
Major advantages of online coupled HPLC-ICP-MS
techniques compared with the conventional TIMS technique
are the simplified sample preparation procedure (which is
very important especially for radioactive samples with a high
dose rate), the sample throughput and the enhanced
ionization efficiency for elements with high ionization
potentials. As shown in international PIE programs managed

by Belgonucléaire, the precision and accuracy demonstrated
by the MC-ICP-MS system is comparable to that of the
classically used TIMS technique (confidential unpublished
data). HPLC-ICP-MS combinations are beneficial owing to the
separation of the sample matrix from the analyte elements.
Particularly for the determination of trace elements in a highly
concentrated matrix (as fission products in UO, or MOX fuel),
the online separation of the matrix allows significantly lower
detection limits owing to reduced signal suppression typically
observed in presence of highly concentrated matrix elements.

The results show that the ICP is a powerful excitation
source, which fulfills in combination with MS most of the
requirements of a standard method for the characterization of
radioactive materials. However, an appropriate selection of
the most suitable technique or instrument (solution nebuliza-
tion with/without HPLC or LA coupled to quadrupole,
collision/reaction cell, sector-field ICP-MS or MC-ICP-MS),
currently not available within one single configuration, is
necessary to provide precise and accurate analytical data for
nuclear fuel cycle materials.
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