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is in microscopic spent nuclear
fuel samples by resonance ionization mass
spectrometry†

Manuel Raiwa, * Michael Savina, Danielle Ziva Shulaker, Autumn Roberts
and Brett Isselhardt

We developed a Zr two-photon resonance ionization scheme with a high useful yield of 6.3(5)%. This

scheme utilizes the known intermediate energy level at 26443.88 cm−1 and a newly characterized

Rydberg level at 53490.79(26) cm−1. Both the first (378.16 nm) and second (369.727 nm) transition

wavelengths are accessible by frequency-doubled titanium:Sapphire lasers. We utilize the new scheme

to analyze the isotopics of Zr, a fission product, in micrometer-sized spent nuclear fuel samples to

understand their irradiation history. This includes the dependence on burnup and radial location within

a fuel pellet. Resonance ionization mass spectrometry was used to obtain almost isobar-free Zr isotopic

ratios from seven samples. The measured isotopic ratios from the spent nuclear fuel show a strong

dependence on radial position within the fuel pellet while the effect of average pellet burnup was much

less pronounced. All Zr isotopic ratios systematically change from the pellet center to the pellet edge,

where isotopic values are close to those expected from 235U fission and 239Pu fission, respectively. Using

Zr isotopics, we demonstrate a potential method to distinguish between samples derived from the edge

or center of a fuel element of unknown pedigree, which strongly impacts the interpretation of a sample's

irradiation history as the neutron fields are different between these locations.
Introduction

At the end of 2022, a total of 438 nuclear reactors across 32
countries were in operation with 58 more under construction.1

In the case of an interdicted or discovered spent nuclear fuel
sample it is of paramount importance to assign it to its origin.
This is oen done by using elemental and isotopic ratios as
these are strongly dependent on reactor type, age, burnup, and
sample location within a reactor. Even within an individual fuel
pellet signicant deviations in elemental and isotopic compo-
sitions exist between the center and edge (sometimes also
referred to as “skin”) of a pellet.2–5 This “edge effect” can be
explained by the differences in the neutron spectrum and ux
experienced across the pellet. A prominent example of the
variable neutron eld is the increased Pu production at the fuel
pellet edge relative to the center by a factor of three.3 This is
because a portion of epithermal neutrons from the moderator
are overwhelmingly absorbed by 238U within a few hundred
micrometers of the pellet edge due to the large neutron capture
resonance of 238U in this energy region.
uclear and Chemical Sciences Division,
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Compositional analysis of spent nuclear fuel is routinely
done by dissolving fuel pellets and chemically separating
elements before performing mass spectrometry (typically
inductively coupled mass spectrometry (ICP-MS) or thermal
ionization mass spectrometry) and/or radioanalytical counting
(e.g., alpha spectrometry).6 While these methods are well
established and produce results with low uncertainties, they
typically lose information on spatial heterogeneity within the
sample. Laser ablation ICP-MS with a collision cell and small
sample ICP-MS measurements provide some spatial informa-
tion but are limited to several micrometer resolution.4,7,8 Direct
laser ablation ICP-MS studies on spent nuclear fuel typically
have higher sample consumption with pit sizes of 10 microm-
eter or more which requires specialized shielding of the abla-
tion area.9,10 Secondary ion mass spectrometry (SIMS) has the
spatial resolution to observe isotopic heterogeneity within a fuel
sample on the micrometer scale but suffers from isobaric
interferences like 235UH on 236U.2,5 Resonance ionization mass
spectrometry (RIMS) is the only technique with neglectable
sample consumption capable of resolving isobaric interferences
while maintaining micrometer spatial resolution.11–13 RIMS
does not require extensive sample preparation to resolve or
discriminate against isobars, such as chemical purication
required for actinide analyses by ICP-MS. Rather, RIMS relies on
the stepwise excitation of atoms with lasers tuned to transition
frequencies specic to the analyte(s) of interest.14 This results in
J. Anal. At. Spectrom., 2024, 39, 1803–1812 | 1803
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high elemental selectivity (i.e. suppression of isobars) and high
sensitivity. While not commercially available, several RIMS
facilities are now in operation worldwide with applications
ranging from cosmochemistry to nuclear fuel analysis.15–18

Today, Ti:Sapphire lasers are commonly used in modern RIMS
facilities due to their wide tuning range and reliability.

Zirconium is an important ssion product because it has
several long-lived and stable isotopes with high ssion yields
from 235U and 239Pu together with low neutron capture cross
sections that mitigate its transmutation aer production.19

However, it also has several isobaric interferences that make it
difficult to measure with traditional mass spectrometry. For
example, 90Sr (T1/2 = 28.91 years) interferes with 90Zr and 96Mo
interferes with 96Zr.20,21 In addition, while the isotopes of Mo
and Nb are shielded and thus not signicantly produced in
reactors, their stable isotopes can be an Zr isobaric interfer-
ences if they are introduced during sample preparation and
chemical pretreatment in traditional mass spectrometric
approaches.

The high ionization energy of Zr (53507.832 cm−1 or 6.6 eV)
generally requires multiphoton excitation with common
benchtop lasers for RIMS analysis.22 More favorable resonance
ionization spectroscopy (RIS) schemes are either not accessible
by Ti:Sapphire lasers23,24 or start from a sparsely populated low-
lying excited state at 1240.84 cm−1.22 Two-photon resonance
ionization of Zr has been demonstrated, however the RIS
scheme requires a high-energy UV photon at 319.215 nm to
excite Zr from the ground state to the rst excited state (FES).25

Such photons are produced by tripling the infrared output of
the Ti:Sapphire laser, which is inefficient and laborious
compared to frequency doubling. Further, high-energy photons
such as these oen increase the non-resonant ionization and
photofragmentation of molecules which, for many sample
matrices, can lead to unacceptable backgrounds in the mass
spectra.

Recent developments in two-photon RIS schemes for acti-
nides without frequency tripling have been shown to give good
isobaric suppression and allow for quick changes in the laser
frequency when tuning between elements.12,26 Therefore, a new
high-efficiency Zr RIS scheme using two photons in the
frequency-doubled Ti:Sapphire range was developed. In this
paper we introduce this scheme and present the analysis of
spent nuclear fuel samples in which the edge effect is observed
in the isotopic composition of Zr.

Method
Materials

The Zr excitation scheme development and useful yield (UY)
determination were performed on natural Zr metal. Seven spent
nuclear fuel samples (UO2, initial

235U enrichment of 8.3%)
were analyzed with the new scheme. The isotopic compositions
of actinides and other ssion products in these samples were
previously measured and are described in detail elsewhere.11,21

In brief, the samples are 10 micrometer-sized cubes cut from
two spent nuclear fuel pellets discharged from the Belgium
pressurized water reactor No. 3 in September 1980. Three 10 mm
1804 | J. Anal. At. Spectrom., 2024, 39, 1803–1812
cubes were cut from a fuel pellet with an average burnup of 48.3
GWd/tU (designated B) and four from a pellet with 40.7 GWd/tU
(designated A). Within both pellets various radial positions,
representing both the center and edges of the pellet, were cut
using a focused ion beam (FIB) at Idaho National Laboratory
(INL) and platinum-welded to copper combs. Remaining
material from the same pellets was analyzed at INL by ICP-MS
and the concentrations of 91,92,93,94,96Zr were measured.27

Those measurements are taken as representative of the average
pellet isotopic composition. The mass of a 10 mm cube of UO2 is
∼10 ng and bulk analysis shows a Zr abundance of ∼0.5% in
both pellets, this implies a total Zr mass of 50 pg per cube.

RIMS instrument

All RIMS measurements were made on the Laser Ionization of
Neutrals (LION) instrument at Lawrence Livermore National
Laboratory, which has been described previously in detail.28 A
general description of RIMS analysis can be found in Savina and
Trappitsch.29 Before each analysis, the Zr metal standard or
spent nuclear fuel sample was cleaned by rastering a contin-
uous 15 keV Ga+ beam over the sample surface for two minutes
to remove adsorbed contamination along with the top oxide
layer. RIMS analysis was performed with the 15 keV Ga+ primary
ion beam in pulsed mode (300 ns pulse width, 1 kHz repetition
rate) focused to 1–2 mm on the sample surface. Secondary ions
and neutrals sputtered from the surface form an expanding
cloud above the impact area.29 A bias of 6 kV was applied to the
sample for 250 ns to eject secondary ions. The sample bias was
lowered to ground, and the remaining cloud of neutral atom
and molecules was irradiated with simultaneous pulses from
two wavelength-tuned Ti:Sapphire lasers. These lasers were
pumped by 12 W of 527 nm light from commercial Photonics
Industries DM50-527 Nd:YLF lasers pulsed at 1 kHz. The
emitted Ti:Sapphire laser pulses had a length of 5 to 7 ns and
a linewidth of∼7 pm. The wavelength was set by a grating at the
end of the cavity and the fundamental photons were intra-cavity
frequency doubled by a Lithium triborate (LBO) crystal. Indi-
vidual attenuation to the desired laser power was performed by
polarization optics outside the cavity. Both beams were focused
to a diameter of ∼1.3 mm inside the neutral atom cloud 1 mm
above the sample surface. The sample bias was raised to 3 kV
and the photoions generated by the lasers were accelerated into
a time-of-ight mass spectrometer and detected on a discrete
dynode detector (ETP MagneTOF).

Zirconium excitation scheme

Wavelength scans. The Zr scheme begins from the 4d25s2

ground state (3F2) and uses the known 4d25s(a2D)5p energy level
(3F3) at 26443.88 cm−1 (378.16 nm transition wavelength) as its
rst excited state.30 Previous studies on the isotopic shi of low
energy levels of zirconium proved them to be below 1 GHz.31,32

This is one order of magnitude smaller than our frequency-
doubled laser linewidth of ∼13 GHz. We therefore expect no
signicant inuence of the isotopic shi in the rst excitation
step. A second laser is then used to further excite the electron
into a state close to the ionization potential. Spectroscopy by
This journal is © The Royal Society of Chemistry 2024
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Hasegawa et al. identied promising Rydberg states just below
the ionization potential of 53507.832(35) cm−1.33 According to
Littman et al. the effective ionization potential is lowered by an
electric eld.34 In the case of the LION instrument the eld is
550 V cm−1 in the ionization region which corresponds to
a reduction of approximately 140 cm−1.35 The excitation into
Rydberg states, which oen have high absorption cross
sections, can therefore be an efficient means of generating
photoions. In particular, the photoionization spectra of Hase-
gawa et al. show a Rydberg state at ∼53 490 cm−1 accessible
from 3F2 and 3F3 intermediate states with good oscillator
strength. We performed a wavelength scan near this energy
region using natural Zr metal. Fig. 1 shows the wavelength scan
with a broad peak at 53 491 cm−1, which is consistent with the
observed Rydberg state.

Ions from all naturally occurring Zr isotopes were collected
to assess differences in the transition wavelength between
individual isotopes (i.e., isotope shis). To account for the
resonant excess from the second excitation step counts from
each isotope were normalized according to eqn (1):

Eqn (1):

Rel: intensity ¼ measured counts�minimum counts of the scan

maximum counts of the scan

(1)

The resulting relative ion signal intensities for each isotope
were tted with Voigt proles in Fig. 1. The center of all tted
curves agrees with 369.727(4) nm without any detectable
isotopic shi within the 2 pm uncertainty of our wavelength
measurement. The average full width at half maximum (FWHM)
of the ts is 19(7) pm, which corresponds to our laser band-
width (∼7 pm) combined with the Doppler and power
Fig. 1 Wavelength scan of the second excitation step (SES). Relative
intensities calculated using eqn (1) are fitted with a Voigt profile. No
isotope shifts are visible within the uncertainties of the wavelength
measurements. All fits have their center at 369.727(4) nm. Uncer-
tainties are 1s for the ion signal (counting statistics) and 2 pm for the
wavelength.

This journal is © The Royal Society of Chemistry 2024
broadening of the transition. 90Zr shows a slightly lower reso-
nant excess due to higher background in the mass spectra
compared to the other isotopes. The determined Rydberg
energy level of 53490.79(26) cm−1 was selected as the second
step for the new excitation scheme. Both wavelengths (FES =

378.16 nm and SES = 369.727 nm) are accessible by frequency-
doubled Ti:Sapphire lasers.

Saturation irradiance. Saturation irradiances were deter-
mined by varying the power of one laser while xing the power
of the other. The laser beam of the rst excitation step had
a 1.3 mm diameter and a 6.9 ns pulsewidth, while the second
step laser beam had a diameter of 1.1 mm and a 5 ns pulse-
width. A mass spectrum is given in the ESI† which shows the
absence of any other signals besides Zr+ and ZrO+ (ESI-Fig. 1†).

The counts were normalized to the maximum counts of the
scan for each isotope. The resulting saturation behaviors of the
rst and second step are given in Fig. 2 and 3 respectively. The
relative intensities were tted with a standard saturation curve
given in Schneider et al.36

Eqn (2): saturation curve

yðIÞ ¼ yð0Þ þm� I þ A

1þ S

I

(2)

where y(I) is the excitation efficiency, I is the laser irradiance in
MW cm−2, A is a t parameter and S is the saturation irradiance
of the transition.36 The offset y(0) was measured by blocking the
laser beam. The linear term m × I describes non-resonant
ionization which was consistent with zero in all ts. The non-
resonant contribution from Zr metal is therefore negligible.

The rst excitation step at 378.16 nm shows a typical satu-
ration behavior for all isotopes with a low saturation irradiance
of 0.027(5) MW cm−2 (Fig. 2). Given that the data was normal-
ized and the offsets and linear terms in eqn (2) were zero, the t
parameter (A) of 1 for all ts indicates strong saturation. Note
Fig. 2 Saturation curves for all Zr isotopes for the first excitation step
(FES). Relative uncertainties in the ion signal are one sigma (counting
statistics); uncertainty in the power is 5%. The calculated saturation
irradiance is 0.027(5) MW cm−2.

J. Anal. At. Spectrom., 2024, 39, 1803–1812 | 1805
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Fig. 3 Saturation curves for all Zr isotopes for the second excitation
step (SES). Relative uncertainties in the ion signal are one sigma
(counting statistics); uncertainty in the power is 5%. The calculated
saturation irradiance is 4.6(9) MW cm−2.

‡ Note that the Zr sputtering yield given in ref. 25 is different due to the inclusion
of a correction factor to account for Ga implantation in the Zr metal. That
sputtering yield (s = 3.67) referred to the overall sputtering yield of the Ga–Zr
alloy produced by dynamic sputtering. Here we have rolled the correction factor
into the sputtering yield prior to calculating the useful yield, so that s is the
sputtering yield for Zr, not the alloy.
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that as dened by eqn (2), the excitation efficiency y(I) is 50% at
the saturation irradiance (S) of 0.027(5) MW cm−2. Differences
between the isotopes are within their one sigma uncertainties.
To ensure stable ionization rates and to cover slight power shis
over longer measurements, an irradiance of I = 0.16 MW cm−2

was selected for the rst transition in all the following
measurements which corresponds to 87% excitation into the
rst excited level.

The second excitation step at 369.73 nm shows a weaker
saturation trend (Fig. 3). The short wavelength of the SES
limited the achievable power of our Ti:Sapphire lasers, which
hindered measurements with powers beyond 250 mW. This led
to elevated uncertainties in the t and a calculated saturation
irradiance of 4.6(9) MW cm−2. To maximize the count rate the
second step was not attenuated, and 250 mW corresponding to
an irradiance of 5.3 MW cm−2 was used in the following
measurements. The parameter A was 1.9(2) in the second t,
which implies an excitation of around 50% from the rst into
the second level. This excitation step also showed no signicant
differences between the isotopes, which agrees with the negli-
gible isotope shi measured in the wavelength scan.

Isotopic fractionation. To check for laser-induced ionization
bias the deviation between the measured and known isotopic
abundances of Zr was calculated. Four measurements on two
different days were performed to ensure reproducibility. Fig. 4
shows the deviation for each isotope according to eqn (3):

Eqn (3): deviation from natural abundance

Deviation ð%Þ ¼ 100�
�
measured abundance

natural abundance
� 1

�
(3)

Overall, the newly developed Zr excitation scheme repro-
duces the natural isotopic ratios with minor fractionation.
Uncertainties of the individual measurements are one sigma
counting statistics and below 1% for all isotopes besides the
1806 | J. Anal. At. Spectrom., 2024, 39, 1803–1812
minor 96Zr. Deviations of the measured to expected Zr isotopic
composition are due to laser ionization bias and below 5% for
all isotopes on both days. The odd isotope 91Zr is the only
isotope with a consistently higher yield compared to the even
isotopes, which we attribute to the odd-even effect. 91Zr has
a nuclear spin of +5/2, which results in hyperne splitting of the
energy levels and leads to a higher transition rate than the spin-
zero even isotopes.37 Note that the small enhancement in the
91Zr signal (<5%) indicates that the Rydberg state is J = 4, since
transitions with DJ=−1,0 would lead to much larger deviations
due to the selection rules (17% for DJ= 0; 40% for DJ=−1) (e.g.,
ref. 38). Large peaks are seen in this region of the spectra ob-
tained by Hasegawa et al.33 for transitions originating from
intermediate states with J = 2 or 3, but not J = 1, further sup-
porting this interpretation.

Since natural Zr does not have the long-lived anthropogenic
93Zr (T1/2 = 1.6 × 106 years), its deviation could not be
measured. However, 93Zr also has a nuclear spin of +5/2 and
thus a deviation similar to that of 91Zr is expected. Additional
deviations from isotopic shis are not expected as the end-
member isotopes 90Zr and 96Zr do not show any signicant
signal drop and we thus assume our frequency-doubled laser
linewidth of ∼7 pm is greater than the isotopic shis of both
transitions.

Useful yield. Useful yield (UY) is dened as the number of
ions detected per Zr atom sputtered from the sample during
a measurement. As described above, metallic Zr was rst
cleaned of surface soils and oxides by rastering with a contin-
uous primary ion beam before measuring the Zr ion signal with
a pulsed primary ion beam. The UY is calculated by:

Eqn (4): useful yield

UY ¼ c� qe

s� Dt� I � n
(4)

where c is the number of Zr ions detected, qe is the elementary
charge, s is the Zr sputtering yield, Dt is the Ga+ primary ion
pulse duration, I is the Ga+ current, and n is the number of
measurement cycles. The Zr sputtering yield from Zr metal was
measured previously under these same conditions (15 keV Ga+,
60° angle of incidence) in our system as 2.97(22).‡25

In this work we collected 1.14 × 105 Zr ions over 104

measurement cycles using a primary ion current of 34 pA and
a primary ion pulse width of 300 ns. The useful yield according
to eqn (4) is 6.3(5)%. This is slightly higher than our previously
reported UY of 5.4(4)% for Zr.25 As noted above, that scheme
used a much higher-energy rst excited state, which required
the use of a frequency-tripled Ti:Sapphire laser, followed by
a frequency-doubled laser, rather than the simpler congura-
tion of two frequency-doubled lasers in the present scheme.
Compared to the Zr metal a lower useful yield is expected from
the UO2 spent nuclear fuel matrix as most of the Zr is expected
This journal is © The Royal Society of Chemistry 2024
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Fig. 4 The deviation of the Zr isotopic composition of Zr metal relative to the assumed natural Zr isotopic abundances, calculated using eqn (3).
Four measurements on two days show isotopic fractionation below 5% for each Zr isotope. The deviations are consistent between days which
shows external reproducibility. Zr-96 shows the highest uncertainties due to its low natural abundance. Uncertainties are 1s.
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to be sputtered as oxide. In the case of uranium it has been
shown that this reduces the useful yield by a factor of ∼20.35

Spent nuclear fuel sample measurements

Fuel pellets 8 mm in diameter were removed from a single fuel
rod at two locations, representing a higher or lower average
burnup (Table 1). Cubes were subsampled from the pellets in
a transect across from the center to edge (sample distance from
the pellet edge shown in Table 1). While we do not know how
much material is required for Zr analysis, Fig. 5 shows
secondary electron microscope (SEM) images of the sample A-
100 before (le) and aer the RIMS analysis (right), in which
very little sample consumption is visible. We estimate the total
amount of Zr consumed is much less than 1 pg.
Table 1 Location and average pellet information of measured spent nu

Sample A-5 A-40

Average pellet burnup (GWd/tU) 40.7 40.7
Distance sampled from the pellet edge
(mm)

5 40

Fig. 5 The secondary electron images of spent nuclear fuel cube A-100 b
practically no sample consumption.

This journal is © The Royal Society of Chemistry 2024
To correct for the laser induced isotopic deviations shown in
Fig. 4, Zr metal was analyzed at the beginning of each
measurement day and used to correct the measured counts for
each isotope. 93Zr counts are uncorrected because there is no
93Zr in natural Zr. As discussed above, we expect ∼4% over-
estimation of 93Zr counts. Because this affects all measure-
ments systematically, the relative differences between center
and edge cubes are preserved.
Results

While the mass spectra on the Zr metal did not show other
peaks in the Zr region (i.e. Sr, Mo, etc.), other peaks were
observed when measuring spent nuclear fuel. Fig. 6 shows the
clear fuel samples

A-100 A-4000 B-30 B-100 B-4000

40.7 40.7 48.3 48.3 48.3
100 4000 30 100 4000

efore RIMSmeasurement (A) and after the RIMSmeasurement (B) show

J. Anal. At. Spectrom., 2024, 39, 1803–1812 | 1807
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Fig. 6 A 20 minute RIMS measurement with Zr lasers on resonance (grey) is shown with an overlay of a 20 minute off resonance measurement
(red, FES detuned by −0.1 nm) on sample A-40. Minor interference (∼8%) is visible at mass 90. Counts at each peak on- and off-resonant are
given in ESI-Table 1 in the ESI.†
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RIMSmass spectrum of the spent nuclear fuel cube A-40 with all
lasers on-resonance (black) and with the FES detuned off-
resonance to 378.06 nm (0.1 nm shorter wavelength than the
on-resonance spectrum). To quantitatively measure any back-
ground signal, the measurements were done for 20 minutes
each.

Fission product Rb (mass 85 and 87) is present as well as
ssion product Sr at mass 88 and 90 and Tc at mass 99. These
are photoions generated by the Ti:Sapphire lasers, since they are
absent when the lasers are off.

Non-resonant ionization of atoms is generally unlikely in
RIMS due to the narrowness of atomic energy levels relative to
the space between them. Rather, we believe that photo-
fragmentation of oxide molecules into positive metal ions is
a more likely explanation, since oxide molecules have many
more energy levels than their constituent atoms, and these are
further split and broadened by rotation and vibration.
Rubidium, Sr, and Tc oxides all have much less negative
enthalpies of formation than ZrO (i.e. they form weaker bonds
to oxygen), and thus are much more likely to appear as photo-
fragments in the off-resonance spectrum. This is what is seen in
Fig. 6 in which the resonant Zr signals at mass 91, 92, 93, 94,
and 96 all essentially disappear while the other peaks remain
largely unaffected by the small wavelength change of 0.1 nm. Of
course, the absorption and repartitioning of the laser energy in
each specic case is important, but the argument is generally
consistent with the observations in Fig. 6.

88Sr and 99Tc have nearly identical counts in each measure-
ment, which shows that the sample and laser conditions did not
change between the two collected measurements. 90Sr is
a minor isobaric interference for 90Zr, with only 83 off-
resonance counts compared to 1055 counts on resonance, and
in any case can be quantitatively subtracted by measuring the
off-resonance contribution as necessary.

An exact isobaric suppression could not be calculated as the
concentrations of 90Zr and 90Sr in the sample are unknown.
However, previous work measured the 90Sr/88Sr ratio in this
sample to be 0.566(7).21 Together with the RIMS background-
1808 | J. Anal. At. Spectrom., 2024, 39, 1803–1812
corrected 90Zr/92Zr ratio from this measurement of 0.63(3) and
the reported pellet average concentrations of 88Sr (435 ppm) and
92Zr (769 ppm) from bulk measurements we expect a 90Sr/90Zr
ratio of 0.51(2). Assuming all off-resonant ions on mass 90 are
90Sr we measure a 90Sr/90Zr ratio of 0.09(1), which indicates
a strontium suppression factor of 5.9(7). While the 90Sr/88Sr
ratio does not vary signicantly within a sample set of common
origin and age,21,39 this calculation does not account for differ-
ences between pellet average and sample-specic Zr composi-
tion. The given number can therefore only be taken as an
estimate.

The non-resonant 90Sr contribution to 90Zr is ∼8%. An
analytical approach with the highest accuracy would utilize an
off-resonance measurement on every sample aer a resonant
measurement. While this is certainly possible (Fig. 6) we opted
not to do so for this study since no data on pellet average 90Zr is
given in the bulk measurements and thus no comparison is
possible. None of the other Zr isotopes have signicant isobaric
interference (i.e., the non-resonant background is below the one
sigma counting statistical uncertainty of the resonant
measurement) and so our data interpretation going forward is
based on these isotopes only.
Isotopic ratios

Similar to U, Pu, Mo, and Ru,11,21 the Zr isotopic composition is
dependent on the sample's radial location within these fuel
pellets. Fig. 7 shows the 94Zr/91Zr ratio vs. the distance from the
edge. (All measured sample ratios are given in ESI-Table 2 in the
ESI.† All ssion yields are thermal and taken from the JEFF-
3.1.1 Nuclear Data Library.40) The blue band indicates the
range of the bulk sample results with burnups from 19.8 to 48.3
GWd/tU.27 Samples from comparable radial locations within
have indistinguishable 94Zr/91Zr within 2s uncertainties even
though the difference in pellet average burnup between sample
set A and B is considerable (40.7 versus 48.3 GWd/tU). Rather,
the sample location within the pellet has a much greater effect.
The ratios from the two cubes cut from the center of the pellet
This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Measured 94Zr/91Zr ratios as a function of distance from the
pellet edge. The ratio shifts from the expected 235U fission yield ratio
(FYR U-235, lower dashed line) towards the ratio expected from 239Pu
(FYR Pu-239, upper dashed line). The blue band shows the range of
94Zr/91Zr ratios measured in bulk sample with burnups ranging from
19.8 to 48.3 GWd/tU. Uncertainties on data points are 2s.
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agree with the ssion yield ratio (FYR) produced by 235U ssion
(1.09(2)), while the cubes towards the edge do not. There the
94Zr/91Zr ratio is shied upwards towards the 239Pu ssion yield
ratio of 1.77(5), indicating the inuence of increased Pu
production and subsequent ssion at the edge. However,
because the natural 94Zr/91Zr ratio is 1.549(8), this trend could
originate from Zr migrating in from the Zr-rich Zircalloy nuclear
Fig. 8 Fraction of fissions due to 239Pu (F239) as a function of distance fro
the same trend towards more 239Pu fission at the edge. The bulk measu
Uncertainties are 2s.

This journal is © The Royal Society of Chemistry 2024
fuel cladding. These so called fuel-cladding chemical interac-
tions (FCCI) are complex and depended on a variety of factors
such as fuel and cladding type, burnup and structural damages
to the boundary between fuel and cladding.41,42 This makes
a general quantication of migrating Zr from the cladding
difficult.

To rule out any signicant inuence of claddingmaterial two
additional Zr ratios are monitored. Firstly, the ratio of anthro-
pogenic long-lived ssion product 93Zr to the naturally occur-
ring 91Zr. Because 93Zr is not initially present in the cladding
material and the neutron capture cross-section from 92Zr is low
(0.13 b), any inux from migrating cladding material would
signicantly lower the 93Zr/91Zr ratio at the edge compared to
the center, but this was not observed. Secondly, the isotopic
ratio of 91Zr/96Zr has a natural value of 4.01(3), but both 235U
and 239Pu ssion yield ratios have much lower values (0.93(2)
and 0.50(2)). In this case migrating Zr would lead to a higher
ratio towards the edge, but this was not observed. In contrast,
the trend towards the 239Pu ssion yield holds up here as well
but higher uncertainties prevent a denitive separation outside
of the uncertainties (2s) for the center and edge cubes in the
93Zr system. Figures analogous to Fig. 7 for both systems are
given in the ESI (ESI-Fig. 2 and 3†).

To compare the shis in the three isotopic ratios, we express
the xZr/91Zr ratios as linear combinations of the 235U (FYR235)
and 239Pu ssion yield ratios (FYR239) according to eqn (5):

Eqn (5): zirconium isotope ratios as linear combinations of
ssion yield ratios.

xZr/91Zr = F239 × FYR239 + (1 − F239) × FYR235 (5)
m the pellet edge for three Zr isotope ratios. All Zr isotopic ratios show
rements show comparable uncertainties to the RIMS measurements.

J. Anal. At. Spectrom., 2024, 39, 1803–1812 | 1809
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Fig. 10 96Zr/91Zr vs. 240Pu/239Pu ratios. Bulk data (blue diamonds and
line) shows pellet averages spanning 19.8 GWd/tU up to 48.5 GWd/tU.
Pellet average burnup increases from left to right. RIMS results of
individual samples from Pellet A (black triangles) and B (red squares)
are given with their distance to edge in mm. Uncertainties are 2s. The Zr
isotopic ratios from the center of Pellets A and B agree with their
determined bulk values. The change towards the edge is greater than
the expected shift by increased burnup alone.
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where F239 is the fraction of ssions due to 239Pu. Fig. 8 shows
F239 (expressed in percent) for all samples and all Zr ratios,
except for 92Zr/91Zr in which the difference between FYR235 and
FYR239 is too small to resolve with our method.

The center cubes show overwhelmingly 235U ssion in all
ratios, with F239 consistent with zero in most cases. Only the
samples towards the edge have elevated 239Pu inuences that
are non-zero at two sigma uncertainties. The increase in ssions
from 239Pu towards the edge is comparable between isotopic
pairs and sample sets of different burnups. This further indi-
cates that migrating Zr from the cladding does not have
a signicant inuence as it would affect each isotopic pair
differently. More precisely, cladding inux would move the
isotope ratios closer to natural values which would increase the
calculated 239Pu fraction derived from 94Zr/91Zr and decrease
the fraction from 96Zr/91Zr. But most apparently the calculated
fraction from 93Zr/91Zr would be signicantly lower as the
cladding originally did not contain any 93Zr. The bulk
measurements have a comparable variability between each of
the isotope ratios and are close to the values of the center
sample.

With the migrating cladding Zr ruled out this effect is best
explained with higher Pu production and thus more ssion
from 239Pu at the edge. This should be reected in the previ-
ously measured actinide isotopic ratios of U and Pu on these
samples.11 Fig. 9 and 10 show the 96Zr/91Zr ratio vs. the actinide
ratios 238U/235U and 240Pu/239Pu. These gures include the
distance in mm next to our measurements. Bulk measurements
from these (blue diamonds marked A and B) and two additional
pellets with burnups of 19.6 and 23 GWd/tU are added to
indicate the general isotopic shi with increasing burnup
Fig. 9 96Zr/91Zr vs. 238U/235U ratios. Bulk data (blue diamonds and line)
shows pellet averages spanning 19.8 GWd/tU up to 48.5 GWd/tU.
Pellet average burnup increases from left to right. RIMS results of
individual samples from Pellet A (black triangles) and B (red squares)
are given with their distance towards the edge in mm. Uncertainties are
2s. The Zr isotopic ratios from the center of Pellets A and B agree with
their determined bulk values. The change towards the edge is greater
than the expected shift by increased burnup alone.

1810 | J. Anal. At. Spectrom., 2024, 39, 1803–1812
(dotted blue line le to right). The shi in actinide ratios within
a nuclear fuel pellet in dependence of its radial position and
specically in the here analyzed cubes towards the edge to
a higher burnup value has been discussed in the literature
before.2,11

For U (Fig. 9) there is a small increase in the 96Zr/91Zr ratio
with burnup in bulk samples due to the slight increase in bulk
239Pu abundance over this range (0.30% at 19.6 GWd/tU vs.
0.44% at 48.3 GWd/tU).27 However, it is dwarfed by the edge
effect as evidenced by much sharper slopes of the linear ts
through the cube samples. Whereas the relative shi of
238U/235U in cubes with comparable distances to the edge
resembles the shi of the bulk analysis, the shi in Zr isotopic
ratio is mostly dependent on the sample location.

This effect is even more pronounced when plotted vs. Pu
isotopic composition (Fig. 10). Again, the difference in
240Pu/239Pu is mainly dictated by the average burnup of the fuel
pellet while the difference in Zr isotopic ratio is related to the
location within the pellet. Even more, all samples from
comparable locations within pellets (i.e., edge or center) have
the same Zr isotopic ratios within two sigma uncertainties
regardless of the pellet's average burnup. Combining these
actinide measurements with the Zr analysis is therefore a useful
technique to gain insight into the origin of a small nuclear fuel
sample from an unknown location.

Conclusion

The newly developed Zr excitation scheme shows a high useful
yield of 6.3(5)% with decent isobaric suppression of Sr. The
transition wavelengths 378.16 nm and 369.727 nm can be easily
reached with frequency-doubled Ti:Sapphire lasers, which is
This journal is © The Royal Society of Chemistry 2024
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a distinct advantage over the previous scheme which required
frequency tripling. Additionally, the excitation scheme demon-
strates little isotopic fractionation due to laser ionization bias.
This makes it ideal to measure all isotopes at the same time,
without the need for big corrections or extensive sample
pretreatment. The rst excitation step is easily saturated while
the second step saturation could be improved with additional
optimization of the laser cavity.

Spent nuclear fuel samples analyzed with the new scheme
clearly show an edge effect where the Zr isotopic ratios from the
edge of a pellet are shied towards the 239Pu ssion yield ratio.
The shi of the 91Zr/96Zr ratio and the increase of 93Zr/91Zr at
the edge exclude migrating Zr as the cause for this effect. The
effect is in line with the sharp increase of the Pu to U ratio at the
edge as observed previously by others.2,4,5

The analysis of the ssion product Zr with its low neutron
absorption cross sections enables the identication of a sample
originating from the edge of a pellet due to its shied isotopic
ratios. These shis are due to the overproduction of 239Pu at the
pellet edge and are separable from overall burnup, which is
dominated by 235U ssion.

This kind of information is critical for evaluating the irra-
diation history of a sample of unknown pedigree and was
previously not accessible with actinide isotopic ratios alone, as
samples from the inside of a high burnup sample resemble the
actinide composition of a low burnup sample from the edge of
a pellet.11 The presented analysis is therefore complementary to
the actinide analysis and easily accessible with our new excita-
tion scheme.
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