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Abstract Modern mass spectrometry and separation
techniques have made measurement of major uranium
isotope ratios a routine task; however accurate and precise
measurement of the minor uranium isotopes remains a
challenge as sample size decreases. One particular chal-
lenge is the presence of isobaric interferences and their
impact on the accuracy of minor isotope *>*U and **°U
measurements. We present techniques used for routine U
isotopic analysis of environmental nuclear safeguards
samples and evaluate polyatomic interferences that nega-
tively impact accuracy as well as methods to mitigate their
impacts.

Keywords Multi collector inductively coupled plasma
mass spectrometry (MC-ICP-MS) - Environmental
sampling for nuclear safeguards - Uranium isotopes -
Polyatomic interferences

Introduction

Over the last two decades, environmental sampling for
nuclear safeguards has significantly expanded as a result of
numerous advances in detection technology (e.g., [1-4]).
Measurement of wuranium (U) and plutonium (Pu)
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abundances and their isotopic compositions are particularly
challenging in environmental samples due to generally low
analyte concentrations. Accurate and precise measurements
of the minor isotopes ***U and **°U are increasingly dif-
ficult as the overall U concentration available for analysis
decreases. The abundance of 2*°U in natural U is excep-
tionally low (*°U/*%U ~ 1-50 x 107'%; [5-8]), and the
presence of significant **°U in a sample provides evidence
that a U material has experienced a neutron flux [9]. An
ongoing goal in environmental safeguards sample analysis
is to provide the maximum amount of useful compositional
data from a minimum amount of sample. In this study we
describe an enhanced sample introduction system inter-
faced with a multicollector inductively coupled plasma
mass spectrometer (MC-ICP-MS) used for routine envi-
ronmental-level U isotopic analysis of environmental
nuclear safeguards samples. The MC-ICP-MS is equipped
with multiple electron multiplier ion counters for improved
accuracy and precision of low-level U isotopic analysis.
While the enhanced analytical setup results in a tenfold
sensitivity enhancement at >**U, as sample size decreases
the potential negative impacts of polyatomic interferences
(PAD) increase. We present and discuss PAI observed
during analysis of environmental safeguards samples that
interfere with uranium isotopes and present radiochemical
purification and analysis strategies to mitigate them.

Analytical challenges highlighted by real samples

Over the course of 24 months in our capacity as a network
analytical laboratory (NWAL) for environmental sample
analysis for the International Atomic Energy Agency
(TAEA), all samples received for analysis were screened
following thermal ashing and subsequent dissolution to
identify the presence of elements that might negatively
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impact efforts to produce highly purified U and Pu frac-
tions for analysis. Aliquots consisting of 1 % of each pri-
mary dissolution solution were taken by mass and diluted
to a total volume of 5 mL in 0.32 M HNO; for multi-
element analysis using a single collector ICP-MS (Thermo
Element XR). The screening routine was largely qualitative
for elements other than U and includes measurement of
~ 86 isotopes between masses 6 and 249. We have regu-
larly observed samples with exceptionally high count rates
at masses corresponding to 204Pb, 206Pb, 207Pb, and 2°®Pb.
We have also observed select samples with exceptionally
high count rates at masses corresponding to isotopes of Pt,
Fe, Cr, and W, among other elements. Platinum and Pb-
based polyatomic interferences are particularly worrisome,
as various combinations of Pt or Pb isotopes with O, N, or
Ar interfere with isotopes of U (Table 1).

Experimental
Interferences affecting uranium

Polyatomic ions form in the plasma and interface regions
of an ICP-MS and must be considered if their nominal
masses interfere with isotopes of interest (e.g., [10-14]).
Mitroshkov et al. [14] suggested that polyatomic species
interfering with isotopes of Pu were significantly reduced
by using a desolvating nebulizer. Oh et al. [13] presented
formation rates for PAI formed from pure standard solu-
tions using a desolvating nebulizer, but did not discuss the
differences between sample introduction systems, nor
provide examples from real samples or recommendations
for mitigating PAI formation. The effectiveness of desol-
vation on reducing polyatomic interferences that impact
uranium analyses has not been thoroughly investigated, and
a key objective of this study was to evaluate the formation
and mitigation of PAI that have been observed in actual
environmental safeguards samples. Platinum argide (PtAr)
PAI have the potential to significantly interfere with iso-
tope masses of U (Table 1). The major isotopes of Pt (194,

Table 1 Possible interferences from Pb and Pt in the U mass range

195, 196, and 198) can each combine with 40Ar to create
interferences with **U, U, ?*°U and *®U (Table 1).
These PAI have masses slightly different from the mass of
the corresponding U isotope, and could theoretically be
separated by using medium or high resolution ICP-MS.
However, losses in ion transmission (nominally a 90 %
reduction for MR and 97 % for HR) are too great when
sample size is limited. Significant interferences from the
combination of the stable Pb isotopes (204, 206, 207, 208)
with low mass elements that are present in the atmosphere
and sample solution (e.g., H, C, N, O) can also negatively
affect the accuracy of U isotopes measured.

In this study, we consider only the major isotopes of
elements known to combine with gaseous impurities to
form PAI (14N, 16O, 4OAr), although combinations includ-
ing minor isotopes of all of these elements may also yield
non-trivial impacts on major and minor U isotopes. Addi-
tionally, PAI considered are limited to a maximum of three
atoms (e.g., “**Pb'*N'*N" interfering on 2**U™ was con-
sidered, but 208pp AN 4NTHT interfering on 235U+ was not
considered). Table 1 lists the isotopes of U, and the most
likely interfering species from Pt and Pb PAI combinations.
See also Mitroshkov et al. [14] for a discussion of PAI that
affect Pu measurements.

Samples

To investigate the formation rates of Pt- and Pb-based PAI,
and the effect of the desolvating nebulizer on formation
rates, solutions containing varying concentrations of Pt and
Pb were prepared for analysis. Platinum solutions were
diluted to 100 and 10 ppb from a 1000 ppm single element
Pt standard (RICCA chemical catalog # PPT1KH-100).
Lead solutions were diluted to 200, 30 and 20 ppb (NBS-
981, -982), and 100, 15 and 10 ppb (NBS-983). Samples
were prepared by diluting solutions of known concentration
with high purity 0.32 M HNOj;. Archived fractions of
dissolved environmental safeguards samples identified as
having elevated concentrations of Pt, Pb or other elements
with the potential to form interfering PAI were used to test

Uranium isotope Possible argide Possible oxide

Possible nitride Possible nitrogen—oxygen

of interest interference, MRP needed® interference, MRP needed?® interference, MRP needed® interference, MRP needed®
Biy 194p*9Ar (2020) 205ppUNI4N (3879) 204pp14N190 (3347)

BSy 195p*9Ar (2013) 207pp 1NN (3798)

8oy 196pH9Ar (1997) 204pp160150 (2855) 208ppNI4N (3761) 20pp 14N 160 (3229)

B8y 198ped0ATr (1976) 206pp190150 (2752) 208pp 14N 160 (3126)

? MRP needed, which is shown in parentheses, is the mass resolving power needed to separate the isotope of interest from the interference with
nominally the same mass. MRP = m/Am where m is the mass of the isotope of interest and Am is the difference between the mass of the isotope

and the mass of the interference
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various radiochemical U purification approaches. Envi-
ronmental safeguards samples consist of 10 cm x 10 cm
cotton swipes collected at nuclear sites by IAEA inspectors
[1] and contain highly variable matrices that are dependent
on the types of materials and surfaces swiped.

Instrumentation

Uranium isotope ratio measurements were made using a
Thermo Neptune Plus ICP-MS. The Neptune Plus is equipped
with a double-focusing Nier-Johnson geometry sector-field
mass analyzer, and is equipped with ten Faraday cups (FC)
(eight movable, two fixed position) and six ion-counting (IC)
detectors (one movable, five fixed position) (Table 2; Sup-
plemental Fig. 1). The axial position consists of a fixed
position Faraday cup and a full-size secondary electron
multiplier (SEM) IC; the beam is focused into the FC or IC by
means of deflection plates. The axial IC sits behind a retarding
potential quadrupole (RPQ) that can be used to improve
abundance sensitivity by acting as a secondary electrostatic
filter. The “Plus” module consists of an array of fixed position
FC and IC’s on the low mass side of the L4 cup. A set of beam
guides steers ions to the axial IC, two additional full size
SEMs (one with a selectable RPQ), a selectable FC and two
fixed position compact discrete dynode (CDD) ICs at the
lowest mass positions.

There is a moveable CDD attached to the low mass side
of the L3 FC (Table 2; Supplemental Fig. 1). This partic-
ular package is custom designed for the simultaneous
analysis of low concentration U isotopes: ***U can be
analyzed on either a FC (L4) or movable IC (CDD attached
to L3), 23617 on a full size SEM with optional RPQ, 23y
either on a FC or full size SEM, 234U on a full size SEM
with optional RPQ and 233U on a CDD. The RPQ’s on 2*°U
and ***U can be activated to decrease contributions from
the signal tails of **U and **°U. Faraday detectors were
cross-calibrated before each analytical session using an
internally supplied voltage that is stepped across each FC
to measure and record the response of each detector.
Faraday detector gain calibrations were updated using a
manufacturer supplied gain calibration routine. Ion coun-
ters were cross calibrated using a U solution with ***U

concentration sufficient to be measured both on either a FC
or an IC (0.005 V signal on an FC or 312,500 cps on an
IC). The ratio of the signal measured on the IC to the signal
measured on the FC was used to determine individual IC
yields. Yields for full size SEM ICs were adjusted to
>93 %, and CCD ICs were set between 99.5 and 100.5 %
by adjusting the IC operating voltage. Ion counter yields
were determined before each analytical session and were
monitored within analysis sessions via inclusion of cross
calibration samples within analysis sequences.

For measurements utilizing a ‘standard’ sample intro-
duction system, a cyclonic glass spray chamber equipped
with an Elemental Scientific PFA-ST nebulizer coupled to
a 0.50 mm ID uptake tube was interfaced with the MC-
ICP-MS with standard sample and skimmer (H) cones.
With this setup, a typical sensitivity is ~ 100 V/ppm for
238U, To increase sensitivity, a CETAC Aridus II was
interfaced with the MC-ICP-MS equipped with either
standard cones or a Jet-type sample cone and an X-type
skimmer cone. The X skimmer cone has a different taper
angle than the standard H cone. The Aridus II system uses
Ar and N, sweep gases, a desolvating membrane, a heated
spray chamber and a low-flow PFA nebulizer to generate
a dry aerosol. The low-flow nebulizers used for this
experiment have nominal uptake rates of 100 pL/min and
measured uptakes of ~70 pL/min, as compared to
~400 pL/min for the nebulizers used with the standard glass
spray chamber. To test formation of polyatomic species
under different conditions, three sample introduction com-
binations were used in this study: (1) cyclonic glass spray
chamber with standard sample and skimmer cones, (2) Ari-
dus IT with standard sample and skimmer cones, (3) Aridus II
with enhanced sample (jet) and skimmer (X) cones
(Table 3).

Results and discussion

We observed significant formation of the PtArt PAI when
using both a standard glass spray chamber (“wet plasma”)
and the Aridus II desolvating nebulizer (“dry plasma”).

Table 2 Detector setup on Thermo Neptune Plus showing optional methods for simultaneous collection of U isotopes

Detector Name H4 H3 H2 Hl C/ICIC L1 L2 L3 IC6 L4 ICIB  L5/IC2 1C3 1C5 IC4
Detector type FC FC FC FC FC/SEM FC FC FC CDD FC SEM FC/SEM SEM CDD CDD
Method1 2877 236(; 23517 23475 233y

Method2 238y 23615 23515 2347 2335

Faraday cups HI-H4 and L1-L4 are movable. IC6 is attached to L3 and is therefore movable, all other detectors are in fixed positions

FC Faraday cup, SEM full size secondary electron multiplier, CDD compact discrete dynode
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Table 3 Argide and oxide formation rates with and without Aridus II

Spray Cones Pb Pt Pb Pt sensitivity  Pb sensitivity ~ '"Pt*Ar/'*Pt  2°°Pb'°0/*°°Pb  2°°Pb*°Ar/**°Pb
chamber standard  (ppb)  (ppb)  (V/ppb) (V/ppb)

Glass Standard NBS 981 100 200 0.0666 0.0845 3.99E-5 1.04E—-5 221E—-6
Aridus I Standard ~ NBS 981 10 30 0.0952 0.2262 1.50E—4 2.24E-7 1.59E—-6
Aridus IT Jet/X NBS 981 10 20 0.2650 0.7383 3.64E—4 5.94E-7 4.24E-5

Figure 1 compares the shapes and relative positions of
peaks observed by scanning the instrument’s magnet across
masses 234, 235, 236 and 238 while aspirating solutions of
Pt-free uranium (40 ppt NBL CRM U-010) or U-free Pt
(100 ppb Pt solution). Overall, for a given Pt concentration,
greater contributions from the PtAr* PAI were observed at
nominal U masses of interest using a desolvating nebulizer
than with a standard spray chamber (Table 3).

We observed formation of both the PbAr* and PbO™
PAI in Pb solutions measured using a standard glass spray
chamber and using an Aridus II desolvating nebulizer
(Fig. 2; Table 3). It is clear from Fig. 2a, b that while
significant lead oxide and lead hydroxide molecules are
formed in a wet plasma using a standard spray chamber,
PAI comprised of Pb plus one N, two O or two N atoms do
not significantly impact the observed signals for uranium
isotopes of interest. The origin of the peaks observed in the
mass range 227-231 for the standard spray chamber is not

readily apparent, although the shape of the spectrum sug-
gests that this is caused by the combination of Pb with
something of mass 23 (Fig. 2a). Whether this is Na or some
other compound (e.g., 4HelgF) is not clear. However, this
species does not affect the measurement of U isotopes and
its identity is not considered further in this study. There are
signals at masses 234 and 236 in the Aridus II generated
spectrum that may be attributed to Pb'*N, molecules. The
Aridus II makes use of N, additional gas, which may
explain an increase of N, based molecules when using this
sample introduction system. The pattern does not exactly
match with the expected spectrum from Pb (i.e., measured
234 and 236 counts are equal, whereas if these were
205ppN, and 2°®PbN,, the counts at 236 should be ~2x
those at 234), and further investigation is required. In
general, we observed that the use of the Aridus II desol-
vating nebulizer greatly reduced the formation of oxide-
based PAI but led to greater formation of argide-based PAI
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Fig. 1 Peak scans over U mass range in Pt and U standards using a
glass spray chamber. Each panel represents signals measured for a
given mass/charge ratio collected on a single detector in a fixed
position; e.g., in panel b *°U and '*°Pt*°Ar are collected on IC2
(Supplemental Fig. 1). Solid traces represent U isotopes, dotted traces
represent PtAr ions; vertical line represents the mass setting for U
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isotopes. The offset of the dotted traces indicate that these are not U
isotopes. The signals for most of the PtAr ions are much larger than
the signals for the given U isotopes. The vertical scales of each figure
are the same, except for the 238y counts, which are indicated on the
right vertical axis of panel d. See also Supplemental Fig. 2
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Fig. 2 Mass scans of NBS-981 Pb solution using the standard setup
and Aridus II. Insets show signals caused by Pb; this pattern can be
compared to higher masses to determine if signals are caused by
combinations of Pb with other elements. a Mass scan of 200 ppb
NBS-981 solution using SIS. Masses from 220 to 225 are caused by

Observations in this study are consistent with the conclu-
sions of Mitroshkov et al. [14] that oxide and hydride
formation is reduced by use of a desolvating nebulizer but
contradict the conclusion that argide formation is also
decreased. Mitroshkov et al. [14] particularly note that
PAIs from Hg are reduced compared to previous studies
(the major isotopes of Hg all have argide interferences at
isotope masses of Pu, the element of interest in their study).
It is clear from our observations that U chemical purifica-
tion efforts prior to analysis must adequately remove Pt and
Pb to improve the likelihood of making an accurate U
isotope ratio measurement.

Effective removal of platinum and lead from U
fractions

While Pb is a more common contaminant in environmental
safeguards samples given the large amount of Pb used for
shielding in nuclear facilities, the investigation of Pt as a
potential interference is not just an academic exercise. A
recent routine environmental safeguards sample processed
by our laboratory was observed to contain a significant
amount of Pt during routine screening ( ~ 50 ng total Ptin the
sample). An initial U purification was performed using an
anion exchange method to purify the U fraction. The anion
exchange method is described briefly: the U aliquot was
selected based upon aforementioned screening results and
was evaporated to dryness, treated with 1 mL concentrated
HCI, evaporated to dryness, dissolved in a HCI-Cl, solution

PbO and PbOH ions. b Mass scans of 20 ppb NBS-981 solution using
the Aridus II with jet and X-cones. Note that while PbAr ions are still
present, PbO and PbOH ions are significantly reduced. Signals at 232,
235 and 238 are from contamination from Th and U

(10 mL concentrated HCI + 2 drops 30 % H,0,) and loa-
ded onto a 1 mL column of AG MP-1 (100-200 mesh) anion
exchange resin. The resin bed was washed with HCI-Cl,
followed by washes with an HCI-HI solution (9 mL con-
centrated HC1 4+ 1 mL concentrated HI), then U was eluted
with 8 M HNO;. A qualitative mass scan of the U fraction
using anion exchange clearly shows peaks at masses 234 and
236 with non-flat-top shape and peak centroids that are
shifted from the accurate U masses (Fig. 3a), which indicates
that despite efforts to purify U, an element contributing to the
formation of a PAI is present. A qualitative mass scan from
mass 170-200 revealed relatively high concentrations of W
and Pt in the purified U fraction and that the likely PAIs are
94pp*ArT and "°Pb*°Ar" (Fig. 3c). Subsequent to this
discovery, the aliquot was subjected to an additional U
purification using UTEVA resin from Eichrom Technolo-
gies, LLC., then reanalyzed. The UTEVA U purification
method is summarized briefly: the U aliquot was evaporated
to dryness then dissolved in 3 M HNOj;. A column of 2 ml
UTEVA resin (100-150 um) was prepared, washed with
18.2 MQ H,0 and conditioned with 3 M HNOs; the sample
was loaded and the column was washed with 3 M HNOs3,
9 M HCI, then 5 M HCI1-0.05 M oxalic acid. Finally U was
eluted with 1 M HCI. Typical blanks using the UTEVA
method have been ~ 10 pg ***U over the past 6 months
compared to typical U analysis fractions consisting of
2-3500 ng total U. Figure 3b, d shows that the vast majority
of Pt and W in the sample was removed using a UTEVA-
based U purification. The improved chemical purification
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was particularly evident when examining the shape and
position of the 236 peak: following U purification using only
the anion exchange method, a clear signal was measured
above instrumental background at mass 236 (Fig. 3a). Fol-
lowing purification using UTEVA chemistry, the intensity
measured at 236 is fully attributable to tailing from >**U. The
absence of the signal at 236 in the highly purified sample
confirms that the observed signal arose from a polyatomic
interference and there is no *>°U in this sample (Fig. 3b). The
elimination of polyatomic interferences of this type is crucial
to ensure the accurate detection of **°U in environmental
safeguards samples. Reporting positive detections of **°U
should thus be accompanied by a careful evaluation of U
purification chemistry and an assessment of what other ele-
ments are present in the sample that might combine with
elements such as O and Ar to interfere at mass 236.

Conclusions/recommendations

The presence of Pt in a sample, even at low concentrations,
can adversely affect the accuracy of U isotope ratios
measured by ICP-MS. The use of a desolvating nebulizer,
while effective at improving sensitivity and removing
oxide, hydride, and hydroxide polyatomic interferences,
leads to greater formation of argide interferences that may
impact major and minor U isotope measurements. Effective
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purification is critical to ensure the highest degree of
accuracy and precision when measuring U isotope ratios by
ICP-MS. The anion exchange chemical purification method
previously employed by our laboratory for routine U
analysis in environmental safeguards samples did not suf-
ficiently remove Pt from purified U fractions, which lead to
a false positive detection of 2*°U in an environmental
safeguards sample. Uranium purifications performed using
Eichrom UTEVA resin more effectivley removed Pt, which
helped mitigate the formation of problematic PAI.

The discovery of interfering species in a sample pre-
sumed to be pure U is possible only by carefully screening
each solution prior to analysis and understanding the lim-
itations of various chemical purification schemes. At a
minimum, it is prudent to perform qualitative mass scans
across peak positions in the U mass range prior to analysis.
If distorted or offset peaks are observed (e.g., Fig. 3a), an
alternative purification strategy should be considered.
Observations associated with real-world enviornmental
nuclear safeguards samples prompted our adoption of a
UTEVA extraction chromatography U purification method
for routine use in our role as an NWAL laboratory for
environmental sample analysis for the IAEA. The negative
impacts of a false positive detection of **°U, or incorrect U
isotopic composition, far outweigh the benefits of the speed
allowed by not screening each sample and adherence to U
separation methodology historically used by environmental
analysis laboratories.
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