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Abstract

The determination of actinide (e.g., U and Pu) content and isotopics is of
importance to the nuclear forensics and safeguards communities. However, in the
analysis of environmental samples, such as those collected by the International Atomic
Energy Agency, uranium measurements can be complicated by isobaric interferences
from polyatomic variants of heavy elements (e.g., Pb). This leads to complex, time-
consuming sample manipulations (i.e., separations) before determining isotope ratios. An
alternative strategy to sample pretreatment is to use high-resolution mass spectrometric
platforms during the analysis to fully resolve the uranium isotopes from potential
polyatomic interferences, negating the need for prior chemical separation. The liquid
sampling - atmospheric pressure glow discharge (LS-APGD) coupled with an Orbitrap
mass spectrometer provides a high-resolution (> 70,000 m / Am at m/z 200) inorganic
mass spectrometry platform. As a demonstration of the power of this instrumental
platform, and indeed, the high-resolution approach in general, uranium isotope ratios
were determined in the presence of elemental impurities (e.g., Pb, Pt, Ta, W) commonly
encountered with environmental sample swipe analysis, without any prior treatment.
Even at elemental impurity concentrations of 1000-5000% relative to uranium, no
interference was observed with the 235U or 238U signal. In addition, the 23°U/238U isotope
ratio for the samples with the concomitants present are within 2 standard deviations of
the values obtained without their addition, indicating that these impurities do not impact
the determined uranium isotope ratio. These findings represent a significant first step in
leveraging the high resolution of the LS-APGD-Orbitrap-MS to overcome isobaric and

molecular interferences instead of relying on chemical separations.



1. Introduction

Accurate and precise isotopic determination of actinides (e.g., uranium and
plutonium) from environmental sampling (ES) substrates, including cotton swipes,
vegetation, soils, biota, etc., is routinely employed as part of the international nuclear
safeguards regime [1,2]. ES cotton swipes are a common sampling methodology for
safeguards that can be used to collect traces of nuclear material present in facilities under
safeguards and are a powerful method for detecting the presence of undeclared material
and/or activities. Typically, these samples are analyzed in two categories: bulk or particle-
workflows [3]. For the ES bulk measurements, the sample is processed in its entirety (as
opposed to analyzing individual particles) and measured for U and Pu concentration and
isotopic content. This analysis protocol is laborious and generally consists of
sample/substrate ashing, digestion, separations via column chromatography, matrix
conversion, and subsequent analysis by high-resolution (m/Am ~ 10,000) multi-collector
inductively coupled plasma (MC-ICP) or thermal ionization mass spectrometry (TIMS).

Due to its sensitivity and throughput, MC-ICP-MS is often preferred for this routine
measurement; however, it does have some limitations. ~Commonly, in ICP-MS
measurements, isobaric and molecular inferences are notorious for hindering the analysis
of low-mass elements, for example, 2C'2C and 2*Mg; “°Ar and “°Ca; and “°Ar'®0O and
%Fe, to name a few. The analysis of high-mass elements, including U, can also be
hindered by polyatomic interferences, particularly when heavy elements (e.g., Pb, Hg, W,
Pt) are present. These species of concern are typically in the form of MH*, MO*, and
MOH®. Pointurier et al. [4] and Pollington et al. [5], have outlined these interferences in
great detail. The presence of such heavy elements, as well as co-actinide molecular

interferences (e.g., 2%8UH and 2%°Pu), necessitate these chemical separation(s) steps.



One approach, a combination of TEtra VAlent (TEVA) and uranium TEtra VAlent
(UTEVA), has proven effective for this separation [6]. While some work has been
dedicated to automating this process [7], a typical separation procedure will take ~1 week.

Recent research efforts in nuclear analytical chemistry have explored the utilization
of triple quadrupole (TQ) — ICP-MS to alleviate the hindrances of molecular and
polyatomic interferences when targeting trace elements [8], anions [9,10], and actinide
measurements [11-14]. In general, this approach has proven to be successful in the
determination of trace elements, and it is routinely employed [15]. For actinide
determinations, a separation is still typically employed prior to the TQ-ICP-MS analysis.
It has been documented that, while gasses such as COz2 are very efficient at mass-shifting
U ions, they will typically react with Pu at a rate of ~50% [16,17], ultimately hindering high
sensitivity measurements. Another approach to addressing isobaric and molecular
interference is using high-resolution mass analyzers. In traditional inorganic mass
spectrometry (e.g., ICP-MS), a magnetic sector-based mass analyzer is utilized, typically
achieving a mass resolution of up to R = m/Am ~ 10,000 [18]. This can be a powerful
approach when measuring trace elements in nuclear materials [8,19], but the reduction
of sensitivity by ~50x% (when employing high-resolution mode) limits its application in the
determination of trace actinides; ultimately, higher resolution without a corresponding
drop in sensitivity would be warranted for these actinide-based isobaric interferences.
Currently, chemical separations remain a pre-requisite in most actinide element
determinations.

In an effort to alleviate isobaric and molecular interferences in isotope ratio

analysis, ultrahigh-resolution (m / Am ~70,000) Orbitrap mass analyzers have been



implemented in the field of inorganic mass spectrometry in conjunction with a
microplasma ionization source, the liquid sampling — atmospheric pressure glow
discharge (LS-APGD) [20,21]. This novel platform has demonstrated its analytical
usefulness in the fields of nuclear [22-24] and geochemistry [25],. Indeed, the advantages
of high-resolution determinations with the LS-APGD / Orbitrap coupling were clearly
demonstrated by resolving 8’Sr from 8’Rb using a high-field Orbitrap having an operating
resolution of >1,000,000 [25]. The LS-APGD is not restricted to the analysis of infused
solutions; in fact, the source has a rich history of surface analysis techniques, including
the analysis of laser ablation particles [26,27] and direct surface desorption [28,29]. In
addition, the LS-APGD has been used for the isotopic measurements of uranium directly
from environmental swipe surfaces by using a novel surface sampling microextraction
probe [30] developed initially for mass spectrometric analysis from thin-layer
chromatography plates. The microextraction technique has been successfully applied to
isotopic measurements of uranium and plutonium directly from environmental swipes
using quadrupole and sector field ICP-MS platforms [31-34]. The results were extremely
promising; however, all measurements were made without interfering elements, only
uranium or plutonium-containing material was present. Since traditional methods of
sample pretreatment to remove isobaric interferences were not practical when directly
sampling a material on a surface, a correction factor for 238U'H was applied to the
measurement of 23°Pu from mixed U/Pu samples, which hindered the performance of the
Pu measurement compared to unmixed case [34]. With the LS-APGD Orbitrap platform,
high-resolution mass spectrometry, instead of sample pretreatment, can be used to

differentiate between isobaric species.



The LS-APGD/Orbitrap coupling may be able to alleviate the need for extensive
separation chemistries prior to actinide analysis. This would be an important advance in
terms of sample throughput in the analyses of solutions and direct sampling of ES swipes.
Here we evaluate the LS-APGD-Orbitrap MS platform with regard to mass-resolving
interferences associated with problematic elements commonly found in ES swipes [4,5].
A uranium isotopic standard was mixed with excess amounts (1000-5000x%) of high-mass
trace elements (e.g., Pb, Pt, Ta, and W) and was analyzed via the LS-APGD-Orbitrap MS
platform, without any prior sample pretreatment. This evaluation involves two
considerations; identification of the various ionic species generated from each element
by the LS-APGD source and then verification that such species are not impactful in the
uranium determinations. As documented in previous efforts, the product molecular ions
produced in the microplasma are very different from those derived from an ICP source
[20,35]. These results ultimately illustrate the power of using the LS-APGD microplasma
with extremely high-resolution inorganic mass spectrometer platforms to overcome
isobaric interferences instead of relying on complex sample manipulations before
measurement. This work marks a significant step towards determining uranium isotope
ratios directly from environmental swipes possibly in an in-field setting, as sample
pretreatment is not required to overcome isobaric interferences from commonly

encountered elemental impurities.

2. Material and Methods
2.1 Solution Preparation
A dilute (2%) nitric acid solution was used as a diluent and a blank for all studies.

The 2% nitric acid solution was prepared by diluting 70% Airstar ultra-trace nitric acid



(BDH/VWR, Radnor, PA) with ultra-trace water (BDH/VWR, Radnor, PA). Pt, Ta, and W
solutions were diluted from stocks obtained from High Purity Standards (Charleston, SC),
while a Pb stock was obtained from CPI International (Santa Rosa, California). Stock
solutions of Pb, Pt, Ta, and W were prepared at 10 ug mL"" for collisional dissociation
studies. Two low-enriched certified uranium solutions (IRMM-202X series) were obtained
from JRC (Geel, Belgium, formally the Institute for Reference Materials and
Measurements) [36]. IRMM-2028 (235U/2%8U of 0.037576) was used for spiking studies,
while IRMM-2027 (2*5U/?%8U of 0.041717) was used for mass bias corrections. For
isotope ratio measurements, solutions containing IRMM-2028 and IRMM-2027 (mass
bias solution) were prepared at an elemental concentration of 10 ng mL-"; these solutions
were analyzed free from any added elemental impurities to establish an IRMS baseline.
Mass bias corrections were made utilizing a direct mass bias correction method, similar
to Mathew et al. [37]. For spiking studies, solutions were prepared which consisted of 10
ng mL" of IRMM-2028 and 10 ug mL"" of each elemental impurity (one elemental impurity
per solution), representing a 1000x excess in the potential elemental interferents with
respect to uranium. In addition, spiking studies were conducted with 10 ng mL"" of IRMM-
2028 and 50 ug mL-"! of Ta and W, which represent a 5000 excess in these concomitants

with respect to uranium.

2.2  Liquid Sampling-Atmospheric Pressure Glow Discharge (LS-APGD)

A dual-electrode liquid sampling-atmospheric pressure glow discharge (LS-
APGD), as previously described [38] and presented in Fig. 1, was used during the course
of this study. The LS-APGD is positioned in front of the Orbitrap mass spectrometer's ion

transfer capillary (ITC). The LS-APGD's solution cathode consists of an outer stainless-



steel tube (0.4 mm ID, 1.6 mm OD, McMaster Carr, Elmhurst, IL) and an inner fused silica
capillary (250 um ID, 360 um OD, Molex, Lisle, IL). The outer capillary delivers the helium
(Ultra High Purity, Airgas, Radnor, PA) sheath gas to the plasma, while the inner capillary
delivers the electrolyte solution. The two positively-powered electrodes (anodes) are
stainless steel weldable feedthroughs (MDC Vacuum Products, LLS, Haywood,
California). The plasma is struck between the grounded solution (cathode) and the two
powered anodes. A custom control box developed by GAA Custom Electronics, LLC
(Kennewick, WA) controls the solution flow rate, sheath gas flow rate, and provides
constant current to the powered anodes. For all studies, a helium sheath gas flow rate of

500 mL min-', a solution flow rate of 30 uL min-', and a current of 30 mA was employed.

2.3  Orbitrap Mass Spectrometer

A Thermo Scientific Q Exactive Focus Orbitrap was used during this study. No
modifications were made to the instrument other than the removal of the manufacturer’s
electrospray ionization source, allowing direct coupling of the LS-APGD ionization source.
Prior to all measurements, the instrument was allowed to “warm up” for approximately 30
minutes while the plasma was operated on a direct infusion of electrolyte (2% HNO3)
solution. Typical for uranium isotope ratio determinations with the LS-APGD, 90 eV of in-
source collisional dissociation (CID) energy and 120 eV of higher-energy collisional
dissociation energy (HCD) was applied for isotope ratio determinations and, when
applicable, during the collisional dissociation studies [23] . The ion transfer capillary
temperature was set to 250°C. The resolution of the mass spectrometer was set to m/Am
= 70,000 (at m/z of 200), the maximum injection time was set to 100 ms, and the automatic

gain control (AGC) target was set to 1 million charges. 10 microscans were collected per



scan, wherein each microscan represents a single ion packet injection into the Orbitrap
mass analyzer. Two sets of conditions were used, one for collisional dissociation studies
and one for isotope ratio measurements. For collisional dissociation studies, the scan
range was set to 150-400 m/z, and 4-minute direct infusions were used. When HCD was
used during the collisional dissociation studies, a quadrupole range of 150-400 m/z was
employed. Uranium isotope ratio determinations were performed using the uranium
dioxide cation (UO2*) as the target species, typical for uranium isotope ratio
measurements with the LS-APGD / Orbitrap. For uranium isotope ratio determination,
the standard conditions were used; specifically, 900 scans (approximately 45 minutes)
direct infusions were employed with a quadrupole range of 268.5 + 25.0 Da and a
digitization range of 268.5 + 5.0 Da [23,39]. A 600-point moving average was applied to
the 900 scans from the transient signal collected during each analysis. The moving

average process is described in detail elsewhere [23].

3. Results and Discussion:

3.1 Characterization of Potential Interferences and Effects of Collisional

Dissociation

Different from mass spectrometer platforms common to ICP-MS, where multi-
quadrupole/reaction cells are employed to effect chemical reactions or kinetic energy
discrimination of isobars [40-42], the Orbitrap mass spectrometer is equipped with two
modes of collisional dissociation to affect their removal. In-source collisional dissociation
(CID) occurs when ions are accelerated in a nitrogen-filled region between the exit lens
of the S-lens and the injection flatapole. Higher-Energy collisional dissociation (HCD)

occurs when the C-trap-collected ions are accelerated into a nitrogen-filled collision cell.



Product ions are then returned to the C-trap for injection into the Orbitrap mass analyzer.
Previous studies investigating the use of CID and HCD with the LS-APGD showed that
CID was effective at removing waters of hydration from the metallic analyte, while HCD
is capable of dissociating molecular species [43]. As shown in Fig. 1, one of the key
differences between these collisional modalities is their placement in the ion beam path,
with CID occurring before the quadrupole mass filter. Since the HCD cell is after the
quadrupole mass filter, HCD dissociation is only applied to ions permitted to pass through
the quadrupole mass filter; all other ions are rejected by the quadrupole. Since this study
is primarily focused on uranium isotope ratio measurements, no optimization of the
primary collisional dissociation parameters is needed; the typical conditions of CID energy
(90 eV), quadrupole range (268.5 £ 25.0 Da), and HCD energy (120 eV) used for routine
uranium isotope ratio analysis [43,22].

Four commonly encountered elemental impurities when performing uranium
isotope ratio determinations from environmental swipes, Pb, Pt Ta, and W, were used to
evaluate the LS-APGD / Orbitraps' ability to use high mass resolution to overcome
potential impurities. The natural first step to understanding what impact these elemental
impurities might have with uranium isotope ratio measurements is to understand their
native mass spectra and how those native species dissociate using the typical settings
for CID, HCD, and quadrupole mass filter bandpass used in U isotope ratio
measurements. First, each element was analyzed in its native state without applying any
type of collisional dissociation energy. The native spectrum for a 10 ug mL™" solution of
Pb is shown in Fig. 2a, for Pt in Fig. 3a, for Ta in Fig 4a, and for W in Fig. 5a. The shaded

regions in each spectrum represent the quadrupole range (268.5 + 25.0 Da) employed

10



during uranium isotope ratio analysis for each figure. Only species within the quadrupole
range would be permitted to pass through to the HCD cell and finally onto the Orbitrap
mass analyzer, so only species within the quadrupole range have the potential to cause
interferences with uranium isotope ratio measurements. As can be seen, none of the
target elements exists predominantly in the M* state, but instead are present as oxides
or as H20/NOs-related clusters. Pb exists predominantly as [Pb+NO3]* in the native
spectrum, while Pt exists as PtO4 with 1 or 2 water clusters. Ta is predominantly TaOz2
as a cluster with two water molecules. W is observed as either [WO2+H20+OH]* or as
[W+3H20+OH+NO2+N2]*. Each of these species is very accurately assigned based on
the mass accuracy and resolution provided by the Orbitrap.

Subsequently, each test element solution was analyzed with 90 eV of CID energy
applied without using the quadrupole mass filter or any further HCD dissociation. This
set of experiments observed how the native spectra changed after applying CID and
whether any clusters remained that would fall within the quadrupole range commonly
employed for uranium isotope ratio determinations. The product mass spectra obtained
following 90 eV CID are shown in Fig. 2b for Pb, Fig. 3b for Pt, Fig. 4 for Ta, and Fig. 5b
for W. The shaded region of each plot again represents the quadrupole range (268.5 £
25.0 Da) employed during uranium isotope ratio analysis. Only species existing within
the quadrupole range could potentially cause interference or issues with uranium isotope
ratio measurements; all other species existing outside the quadrupole range will be
excluded before ever entering the HCD cell. Based on the responses in Figs. 2-5, there
is a general decrease in the complexity of species with the application of CID across the

test elements. Indeed, for Pb and Pt, the bare elemental peak is the primary peak
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following 90 eV CID. The effects of 90 eV of CID are less clear for Ta; the primary peak
remains mainly unaffected; however, there is a reduction in the more complex species
[Ta+302+0H]*, increasing the fraction of the lower-mass [TaO2+3H20]" ionic species.
Finally, the primary peak is unchanged for W, the more complex ionic species observed
in the native spectrum, [W+H20+OH+NO2+N2]*, was dissociated to an appreciable extent
to lower-mass ions as seen in the 90 eV CID spectrum. As shown, each of the potential
elemental concomitants has at least one species that will be transmitted through the
uranium quadrupole range, such as [Pb+NOs]* and [PtO4+H20]". In particular, the
primary ion of Ta [TaO2+2H20]* lies within the uranium quadrupole range, as well as a
significant portion of the species found for W, including the primary ionic species
[WO2+H20+0H]".

As demonstrated previously [43], further dissociation of molecular ion species is
possible when HCD energy is applied, affecting metal-coordinated species such as
oxides and nitrates as opposed to the waters of hydration principally affected in CID. This
point is illustrated in Fig. 6, wherein it is clear that applying 120 eV HCD energy results in
a further reduction of Pb-related molecular species. The same level of spectral
simplification is seen for each of the other potentially-interfering elements, with any

relevant, potentially-interfering species identified in the following experiments.

3.2  Assessment of Potential Spectral Interferences on Uranium Isotopes

After initial studies directed at understanding the efficacy of collisional dissociation,
solutions of low-enriched uranium (IRMM-2028) were spiked with each of the potential
elemental concomitants at much higher concentrations (10 ug mL™") relative to the

uranium (10 ng mL™"), representing a 1000-fold excess of the spiked elements. As such,
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any potential interferences should be exaggerated and readily identified. The mass
spectra acquired for each of the element-spiked solutions are presented. Importantly,
these spectra are acquired under the exact conditions employed for uranium isotope ratio
analysis regarding collisional dissociation, quadrupole band pass, and spectral
digitization range. As shown in Figs. 7 a and b for the Pb- and Pt-spiked solutions, no
peaks were detected at abundances of greater than 2% relative to the two U isotopic
signals. Again, as a point of reference, uranium ICP-MS analysis in the presence of
appreciable amounts of Pb would suffer a common problematic isobar at 238 Da of
206Ph02 on the monatomic 228U ion [4]. Seen here is the alleviation of isobars by virtue
of the different ionization environments between the LS-APGD and the ICP sources.
Beyond that, the interferences seen here differ in mass from the target species by greater
than 0.5 Da, well beyond any level of expected interference in the identification or
quantification of the uranium species for this instrument.

As might be expected from the spectral features shown for Ta and W in Figs. 4
and 5, there are indeed potential interferents in the case of those elements, shown in the
spectra presented in Figs. 7c and d. A particularly prominent interfering species is seen
in the scale expansion of Fig. 7c, where a peak representing ['8'TaO2 +3H20]* (m/z =
266.97 Da) is significantly more intense than the 23%UQO2* peak at m/z = 267.03 Da.
Clearly seen, though, the resolution offered by the Orbitrap mass spectrometer is more
than adequate to fully resolve the pair; in fact, a resolution of > 4000 m/Am is needed,
thus precluding lower-resolution mass spectrometers if trace analyses were performed.
As shown in Fig. 7d, W has two very minor-intensity cluster species that are near in mass

to each of the 235UQ2 and 238U02 peaks; however, these peaks are better resolved than
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the Ta-related interference shown in Fig. 7c. These clusters are suggested to be
['82W+02+2H20+0OH]* at m/z 266.96 and ['8*W+02+3H20]* at m/z 269.97. In all, these
four elements, which are problematic in the analysis of uranium from environmental
samples via ICP-MS, neither produce appreciable isobaric species nor are the overlaps

sufficient.

3.3  Uranium Isotope Ratio Measurement in the Presence of Potential Elemental
Interferents

While the previous studies illustrate that there are no spectral interferences from
Pb, Pt, Ta, or W with uranium, that does not mean that the presence of these elements
does not have an impact on uranium isotope ratio determinations. The Orbitrap is an ion-
trapping mass spectrometer, and as such, it is susceptible to ion-ion interactions between
trapped ions giving rise to space charge effects [44]. The space charge effect's
magnitude depends on the number density for all trapped ionic species, both analyte and
unwanted concomitant ions, and their proximity in frequency space [45]. Space charge
effects due to unwanted concomitant ions pose a higher potential for deleterious effects
with Orbitrap mass analyzers than with the quadrupole and sector field mass analyzers.
Previous studies of the LS-APGD/Orbitrap coupling have demonstrated that
combinations of quadrupole band pass and orbitrap digitization range are effective tools
in minimizing/alleviating space charge effects, but ions existing within those band passes
for the analytes could be problematic.

To investigate the impact of the potential elemental interferents on uranium isotope
ratio determinations, solutions of the elemental spikes at high concentrations (10 yg mL-

1) relative to the uranium (10 ng mL-") were prepared. To further stress the measurements
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for the cases where interfering ions were present in the uranium bandpass, the uranium
solutions (10 ng mL-") were spiked with Ta and W at values of 50 ug mL™", representing
elemental concentrations 5000X greater than uranium. A clean (unadulterated) solution
of low-enriched uranium IRMM-2028 was analyzed to mimic a clean uranium fraction had
the traditional separation techniques been applied. The 23%3U/238U isotope ratio was
determined (n=5) to be 23°U/238U = 0.0382 (12), which has a 1.6% relative difference (RD)
from the certified value. This measurement allows for a comparison to the isotope ratios
obtained for solutions spiked with elemental impurities. The measurement of the 10 ng
mL-" uranium solution via direct infusion represents ~13.5 ng total U used for each
measurement.

The results of this study are shown in Fig. 8, where the results of the neat IRMM
solution are provided by the solid and dashed blue lines, representing the n=5 average
values and +2s range of precision. The certified value of the CRM is given as the dashed
grey line. All of the determined isotope ratios for elemental-spiked samples are also
presented in Fig. 8, with their respective measurement uncertainty. It should be noted
that measurement uncertainty included components of measurement precision and the
mass bias correction factor. These measurements are within two standard deviations of
the mean value found for the five determinations performed on the un-spiked solution.
Each of the impurity spiked solutions had z-scores <1, except for 5000 x W, which had a
Z-score of 0.7, meaning that the determined values for the former are within one standard
deviation of the neat solution and ~1.3 standard deviations from the mean for the high-

concentration W solution. Overall, this result indicates that the values found for the
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uranium determinations in the presence of impurities cannot be considered different from

the values found for the un-spiked case at the 95% confidence interval.

Conclusions:

This study demonstrated that the combination of the LS-APGD microplasma
ionization source and the Orbitrap mass spectrometer can overcome common
interferences encountered with traditional mass spectrometric platforms employed for
uranium isotope ratio determinations. The elements Pb, Pt, Ta, and W, which produce
problematic molecular isobars in uranium IRMS via ICP-MS, including as employed on
“high-resolution” MC-ICP-MS instruments, are not manifest, even at concentrations that
are up to 5000x% those of the uranium analyte. This freedom from interferences is two-
fold in nature. First, the types of ionic species generated in the microplasma are very
different in chemical composition than those produced in an inductively coupled plasma.
Second, the ultra-high resolution provided by this base-level Orbitrap (m/Am ~70,000) is
sufficient to alleviate isobaric interferences from those ionic species that survive
collisional dissociation on that platform.

While the list of possible elemental species posing potential interference is not
exhaustive, it does represent those most common in uranium IRMS. This work
demonstrates that this instrumental platform has great potential to reduce the complexity
of sample manipulations typically employed for uranium isotope ratio determinations,
whether they be for solution-phase or environmental swipe samples. In addition, the
Orbitrap used in this experiment is an entry-level Orbitrap. Further improvements in
resolution are possible by using higher field Orbitraps, which are capable of higher

resolution than the Orbitrap used in this report. Further improvements in resolution,
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sensitivity, and IR precisions are possible, even with an entry-level Orbitrap, by using
advanced external data acquisition (DAQ), such as the Spectroswiss (Lausanne,
Switzerland) FTMS Booster X2 system [46]. Future efforts will include the use of the
advanced DAQ and the microextraction methodology to sample environmental swipes
directly [30] without the need for exhaustive sample manipulations. In total, this
combination of technologies is expected to have a substantial impact on the nuclear

forensics and safeguards communities.
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Figure Captions:

Figure 1: Schematic representation of the key components of the dual-electrode LS-

APGD source and Orbitrap mass spectrometer platform.

Figure 2: Mass spectra of Pb (10 mg mL™") a) without and b) with 90 eV of CID. The
shaded region in both figures represents the typical settings for the
quadrupole range used for uranium isotope ratio determinations with this

platform.

Figure 3: Mass spectra of Pt (10 mg mL-") a) without and b) with 90 eV of CID. The
shaded region in both figures represents the typical settings for the
quadrupole range used for uranium isotope ratio determinations with this

platform.

Figure 4. Mass spectra of Ta (10 mg mL-") a) without and b) with 90 eV of CID. The
shaded region in both figures represents the typical settings for the
quadrupole range used for uranium isotope ratio determinations with this

platform.

Figure 5: Mass spectra of W (10 mg mL-") a) without and b) with 90 eV of CID. The
shaded region in both figures represents the typical settings for the
quadrupole range used for uranium isotope ratio determinations with this

platform.

Figure 6: Comparison of the mass spectra of Pb (10 mg mL™") with and without 120 eV
HCD after applying 90 eV of CID. The red line represents the mass
spectrum of lead without HCD (90 eV CID only), and the black line represents
the mass spectrum of lead with 90 eV CID and 120 eV of HCD. The insert is
an expanded region illustrating the reduction in lead species between 215-
300 m/z with HCD and CID over the CID only case.

Figure 7: Mass spectra of low-enriched uranium (10 ng mL™") with 1000X
concentrations (10 mg mL™") of a) Pt, b) Pb, ¢) Ta, and d) W. The inserts
illustrate expanded regions around the signal for 235U and 238U.

24



Figure 8: Uranium Isotope ratios obtained from neat and from spiked uranium IRMM-
2028 isotopic standards. The average isotope ratio for the un-spiked case is
represented by the solid blue line, and the standard deviation for n=5
determinations is represented by the dashed blue lines. The intra-

measurement standard deviation is shown.
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