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Matrix-assisted ionization (MAI) of inorganic analytes is a nascent research domain that holds promise
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for rapid, potentially facility-deployable analytical applications. We present results of MAI uranium

isotopic analysis (>33U/238U) obtained on the timescale of minutes utilizing simple sample preparation

and an ambient ionization time-of-flight mass spectrometer (ToF MS). Experimental MAI-ToF MS

characterization of uranium Certified Reference Materials (CRMs) was used to establish method
calibration and validate quantitative 233U /238U determination spanning depleted, natural, and low-
enriched uranium isotopic compositions. Secondary standard analyses with total uranium mass
loadings of 5-500 ng per analysis yield accurate calibrated 233U /238U results and relative uncertainties
of 4.7-17.2% (approx. =+ 95% confidence level), with weighted-mean uncertainties approaching
1.5%. This method permits accurate determination of uranium isotopic composition in a sample with
uranium content as low as 200 pg for equal atom 233U:238U. Instrument detection limits constrain the
minimum uranium mass required to identify the presence of highly enriched uranium (HEU >20%

235U) as only 500 pg using the method presented here. MAI-ToF MS quantitation of relatively
extreme isotope ratios (23°U/238U <0.01) is limited by detection of minor 233U (LoDassyy ossyy =~ 100
pg 23°U/analysis ~ 10 ng total U/analysis), and subsequent method optimization is anticipated to
further reduce these limits. These findings underscore the potential of MAI-ToF MS for isotopic
characterization of uranium and other inorganic species for both basic and applied science.

1 Introduction

Uranium and plutonium isotopic measurements are an impor-
tant tool for environmental monitoring, nuclear forensics,
and nuclear safeguards applicationssl@. These isotopes have
been traditionally measured using high-precision mass spectrom-
etry techniques such as thermal ionization mass spectrome-
try (TIMSZ®) and solution-based inductively coupled plasma-
mass spectrometry (ICP-MSI01L)  While these methods pro-
duce highly reliable and repeatable isotopic measurements, they
are resource-intensive and costly, with extensive sample prepara-
tion/purification and stringent laboratory infrastructural require-
ments.22.  This aspect of conventional uranium isotopic anal-
ysis results in a lengthy and expensive process between sam-
ple collection in the field and isotopic measurement results. A
group of alternative mass spectrometry techniques broadly re-
ferred to as ambient mass spectrometry has shown recent promise
in generating rapid uranium analyses’"18, These methods in-
clude electrospray ionization (ESI®317) atmospheric pressure

@ Savannah River National Laboratory, Aiken, South Carolina 29808, United States of
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glow discharge (APGDI1923) paper spray ionization (PSI24:26)
and matrix-assisted ionization (MAI[E]), and have the advantage
of providing faster and cheaper means of characterizing species-
of-interest in potentially austere environments2228, Ambient ion
sources rely on “soft” ionization?Z31, and as such are relatively
simple and robust compared to traditional mass spectrometric
methods. Furthermore, ambient ionization instruments are char-
acterized by straightforward hardware and operational require-
ments, best exemplified by their use for on-site clinical diagnosis
in medical facilities by trained non-experts32-34,

MAI is one of the more recent and least understood ambient
mass spectrometric phenomenon. This technique produces ions
without a conventional ion source; instead, ions are generated
by simply mixing sample with a specific chemical compound (i.e.,
MAI matrix) and exposing the mixture to vacuum/18128-30135[36]
Prior work has demonstrated the efficacy of MAI as a method
for rapid uranium detection8; however, the applicability of MAI
in producing accurate uranium isotopic information has not yet
been rigorously interogated. Here we present a method for pro-
ducing rapid 2U/?38U ratios without the need for significant lab
infrastructure. The success of this process is dependent upon both
precise analytical optimization and robust data calibration. This
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contribution highlights ongoing efforts to develop, optimize, and
operationalize MAI for trace-level uranium isotopic analyses.

2  Methods

2.1 Instrumentation and Materials

MAI experiments were performed using an atmospheric pressure
ionization, time-of-flight JEOL AccuToF DART 4G mass spectrom-
eter (JEOL, Peabody, MS, USA) run in negative ion mode at the
Savannah River National Laboratory (SRNL). 3-nitrobenzonitrile
(3-NBN, Sigma Aldrich, St. Louis, MO, USA) was chosen as the
ionization matrix based on extensive use in published literature
and its success in ionizing a variety of analytes 83758 Fomblin
Y (HVAC 16/6, Sigma Aldrich, St. Louis, MO, USA) was run at
the conclusion of each analysis series using a DART ion source
to calibrate instrumental mass spectral®, Additional instrument
parameters are detailed in the Supporting Information. New
Brunswick Laboratory Certified Reference Materials (CRMs, NBL
Program Office, Oak Ridge, TN, USA) of uranium oxide isotopic
standards dissolved in 2% nitric acid were utilized for analysis:
CRM U020 (~ 2% 233U), CRM U010 (~ 1% 2*U), CRM C129
(= 0.7% 235U), and CRM U005 (= 0.5% 233U). These standards
encompass 27U contents spanning slightly depleted to low en-
riched uranium, thus testing the analytical capability of the mass
spectrometer across a compositional range pertinent to nuclear
safeguards verification.

2.2 Experimental Configuration and Optimization

Sample solutions were prepared by combining ~10 mg of 3-
NBN, 50 uL of methanol, and uranium standards in 2% nitric
acid to yield a final sample volume of 100 uL. This resulted in
samples containing 1:1 methanol: 2% nitric acid for MAI analy-
sis. Discrete runs for each CRM standard consisted of analyzing
a reagent blank followed by prepared solutions of progressively
higher uranium concentration, consisting of: 0 ng/g (reagent
blank), 1 ng/g, 2.5 ng/g, 5 ng/g, 10 ng/g, 15 ng/g, 25 ng/g,
50 ng/g, 75 ng/g, and 100 ng/g. Consistent with previous ob-
servations®®, the dominant uranium ion observed in negative ion
mode for this sample preparation workflow was uranyl trinitrate,
[B*U0,(NO3)3 1, with x = 5 for 235U (452.99720 m/z) and x = 8
for 238U (456.00407 m/z). The standard-methanol-3-NBN solu-
tion was vigorously agitated with a test tube shaker immediately
prior to analysis to suspend 3-NBN crystals in solution. Sample
uptake and introduction were accomplished by immersing a 5 uL
capillary tube (DWK Life Sciences, Millville, NJ, USA) into the an-
alytical solution and subsequently allowing the negative pressure
of the mass spectrometer orifice entrance to ambiently extract the
sample.

Several sample introduction methods were evaluated to
achieve the greatest signal intensity, including assessing the
angle-of-incidence of the capillary tube and instrument orifice us-
ing both a stationary stage and manual introduction (Supplemen-
tary Fig. S1). Manually positioning the capillary tube slightly
from the vertical and horizontal achieved the highest signal re-
sponse. The parameter switching function in the instrument soft-
ware allowed for the orifice and ring lens voltages to be sequen-
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tially tested and optimized. These parameters were explored by
running triplicate measurements of 10 ng/g, 25 ng/g, and 100
ng/g NBL CRM U020 standards. Counting the number of sample
aspirations that produced a measureable and relatively accurate
isotopic ratio at orifice 1 voltages ranging from -20 V through -
150 V revealed -70 V as the optimal value (Supplementary Fig.
S2). Ring lens voltage tests ranging from -5 V through -20 V
demonstrated between -5 through -10 V as the optimal value.
Orifice temperature experiments from 25-150 °C also exhibited
a large effect on signal transmission, with the best sensitivity at
100-125 °C (Supplementary Fig. S3). As noted in previous stud-
iesl® the sample introduction process creates a spray of solution
on the inside of the orifice which interferes with subsequent lower
concentration analyses. To mitigate this instrument memory ef-
fect, the ion source vacuum region of the instrument was vented
between each sample series to remove the external orifice, ring
lens, and internal orifice. These components were cleaned with
swabs dipped in 2% nitric acid and methanol before subsequent
reinstallation and evacuation of the ion source region.

2.3 Data Analysis and Calibration

Data analysis was performed with the open-source R sta-
tistical programming language®? using minimally processed,
instrument-output NetCDF (.cdf) files. A minimum uranium iso-
topic measurement acceptance threshold was set to require >3
consecutive measurements for both the major and minor iso-
tope masses per sample introduction; if <3 measurements were
recorded for either isotope, the data was excluded from the
isotopic ratio calculation. A measurement accuracy and preci-
sion assessment was performed to determine the optimal ap-
proach for calculating 23U/238U using relative [2*U0,(NO3)3 ]
signal intensities. A weighted-mean isotope ratio and uncer-
tainty calculation? consistently yielded the most accurate and
repeatable (noncalibrated) 233U/233U measurements, compared
to arithmetic mean and peak-integrated calculations. An initial
235U/?38U isotope ratio calibration approach was implemented
wherein primary standard (PS) analyses of CRM U020 are used
to establish method traceability for secondary standard (SS) anal-
yses of CRMs U005, C129, and U010.

3 Results and Discussion
CRM U020 Measurement

Utilizing the optimized ToF-MS method permitted resolution of
individual isotopic 233U and 238U signals from uranium concen-
trations at least as low as 5 ng (Fig. [I). While the ToF mass
analyzer allowed simultaneous detection of all ions, the limited
(3 orders of magnitude) dynamic range of the AccuToF detector
resulted in the exclusion of any isotopes that were <0.1% abun-
dant. This aspect of the instrument prevented the lesser-abundant
234U and 23°U isotopes (x0.01-0.02% in U020) from being quan-
tified. Although the 23U/238U relative uncertainties for 5-500 ng
mass loads of CRM U020 range from 17-1% weighted relative
standard error (RSE), respectively, their offset from the certified
value ranged from 3 to 48%. These results were observed to be
more accurate than non-weighted values, which exhibited up to
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Fig. 1 Extracted ion chromatogram (EIC) time-series from MAI analysis of CRM U020, binned by maximum U amount, showing 2°UQO,(NO3);
signal (middle), and 2°U/?38U isotope ratios and uncertainties (2SE) for individual analytical aliquots/EIC peaks (bottom).

(top), 238U02(NO3)37

~ signal

Light blue bands: average uncertainties of individual measurements within each bin. Dark blue bars: uncertainties associated with pooled measurements
for each bin. Measured 2°U/?3U bias from the certified CRM U020 value decreases from left-to-right.

60% bias from the certified isotopic ratios.

In addition to the accuracy and precision of individual measure-
ments, repeatability of compositionally-identical measurements
throughout an analysis sequence was used to assess the ability
of the instrument to produce reliable data. To this end, the data
were binned based on uranium concentration in order to com-
pare the goodness-of-fit of multiple analyses of similar analyte
concentration to their weighted mean value (Fig. [I). An espe-
cially effective metric for determining if a set of analyses and as-
sociated analytical uncertainties are statistically consistent with
derivation from a singular normal distribution is the reduced chi-
squared statistic, also known in the natural sciences as the mean
square weighted deviation (MSWD), which is calculated by divid-
ing the chi-squared statistic by the degrees of freedom“? (n-1;).
At the 95% confidence level, an MSWD=1 suggests measurement
variance is accurately captured by the analytical uncertainties;
MSWD< <1 is indicative of an overestimation of analytical uncer-
tainties; and an MSWD>>1 suggests uncertainties were under-
estimated or that the analyses represent a heterogeneous mate-
rial4Y, Furthermore, the dependence of the MSWD statistic on the
degrees of freedom allows the above criteria to be adjusted based
on sample number#Y, Despite the overall large bias between indi-
vidual measurements and certified values, measurements binned
by uranium concentration had MSWDs consistently <2 at a 95%
confidence level for all concentration bins, indicating the calcu-
lated uncertainty estimates accurately encapsulated the precision
of the system and were consistent with counting statistics given
the pertinent degrees of freedom“Y. Binning data has the added
benefit of decreasing overall uncertainty via effectively increas-

ing signal integration, as illustrated by the averaged individual
uncertainties (light blue) and much more precise binned data un-
certainty (dark blue) in Fig. We note that semi-quantitative
sample uptake and introduction to the instrument require that
reported mass loading concentrations are theoretical maximum
values. This need to approximate concentration was primarily
driven by two factors: 1) qualitative sample volume loading into
the 5 uL capillary, and 2) the heterogeneous 3-NBN crystal distri-
bution in the sample solution.

Uranium Isotopic Calibration

Exploring a range of uranium concentrations from 5-500 ng re-
vealed that the 233U/?38U measurement was systematically bi-
ased towards higher values, the magnitude of which was inversely
proportional to signal intensity, i.e., uranium concentration, such
that pooled bias ranged from 17.2 £ 5.2% for a 5 ng load through
2.6 & 1% for a 500 ng load (Fig.[1} ).
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Fig. 2 Median 238U signal intensity (counts) as a function of uranium
mass (nanograms) per individual analytical aliquot/EIC peak. Data are
the same CRM U020 analyses as in FigureE

We hypothesize that this bias arises from an unresolved iso-
baric interference at m/z = 452.99720 (corresponding to the
235U0,(NO3); mass peak) which was inherently more pro-
nounced at lower uranium concentrations and thus trended to-
wards higher measured 23°U/?8U values. This bias was exac-
erbated through the algorithm by which the native MS software
converts the full scan mass spectrum to a centroid spectrum us-
ing peak width. Thus, isobaric interferences that broadened peak
width were incorporated into the centroid spectra and increased
the apparent 23U mass signal. This effect required a more nu-
anced calibration to capture the concentration-dependent nature
of the 23°U/?3%U measurement than a simple linear fit approach.
Instead, the positively-skewed bias produced from analyses span-
ning a range of standard concentrations resulted in a curve that
can be modelled by fitting the measured data to a relatively sim-
ple exponential function:

y=Ae 5" M

where x = median 233U signal intensity and y = measured
235U/238U (Fig. [3| panel A). A least-squares, Monte Carlo-based
fitting of the U020 data resulted in exponential curve constants A
= 0.02412 + 0.00084 and B = 1.47 + 0.52 e~ with a correlation
of rap = -0.99. This very strong correlation suggests the model
accurately captures the relationship between measured isotope
ratio bias and signal intensity. Weighted mean 23U/?38U ratios
of U010 and other secondary standards exhibit an analogous in-
verse relationship between isotope ratio bias and signal intensity
of equal magnitude to U020 (Fig. [3, panel B for U010), which
suggests the same process affects measurement bias across differ-
ent samples.
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Fig. 3 2%U/?8U calibration for MAI uranium isotopic analysis. CRM
U020 data (same as Figures 1 and 2) quantifies dependence of measured
25 /38U as a function of median 23°U signal intensity (top). The 233U
intensity-based calibration curve is applied to measured secondary stan-
dard CRM U010 data (middle) to calculate calibrated 233U /238U results
(bottom). Uncertainties in top and middle panels are weighted 2SE cal-
culations, and individual measurement uncertainties in the bottom panel
are combined uncertainties propagated from measurement and calibra-
tion, resulting in externally traceable uncertainty estimation.

Measured median 23°U of secondary standards analyses were
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! then applied to x in Equation (1| to obtain a “measured”/applied
2 U020 23U/?33U value for use in Equation [2| which returns a
2 corrected 23>U/?38U value for each measured ratio. This “mea-
5 sured”/applied U020 value is then inserted into the following cal-
6 ibration equation:
7
8
9
10
11
12
13
(), (), (), o
15 28U )ss \28U) ss \2PU ) ps \ 28U ) ps
16 cal meas meas cert
17
18
19
20
21
22
23 In Equation [2} the leftmost term is the calibrated >*3U/?38U of a
24 SS analysis (U005, C129, or U010). The three terms at right cor-
;2 respond, from left-to-right: 1) the measured SS 23°U/28U; 2) the
57 “measured”/applied PS (U020) 238U/235U; and 3) the certified
28 PS 23U/?38U (i.e., the certified composition of the PS through
29 which 23U/238U metrological traceability is established). Due to
30 percent-level 2°U/233U measurement uncertainty currently char-
31 acteristic of MAI uranium analysis, the uncertainty contribution
32 of the certified 233U/2%U of the U020 PS (ca. £0.1% at 95% CL)
33 is insignificant and thus omitted during uncertainty propagation.
34 This signal intensity-based calibration approach effectively cor-
35 rects otherwise heavily biased secondary standard values (Fig.
36 panel B) to within their certified value (Fig. |3} panel C).
37
38
39
40
41
42
43 The above process was applied to a range of secondary stan-
44 dard uranium concentrations and compositions, spanning de-
45 pleted to slightly enriched in 233U: CRM U005 with 0.5% 23°U,
j? CRM C129 with 0.7% 2%U, and CRM U010 with 1% 2U.
48 This analysis and calibration technique reproduced the certified
49 2351,/238U values for all uranium compositions and concentrations
50 with a weighted mean uncertainty as low as 1.5% (Fig. ). To
51 emphasize the significance of this result, with an analysis time of
52 only =5 seconds per sample, all three uranium enrichment com-
53 positions (which vary only slightly in 2°U composition by 0.2-
54 0.3%) can be distinguished and accurately characterized. The
55 success of this model illustrates how the measured MAI data was
56 consistently biased in a predictable, measurable, and correctable
57 fashion, regardless of the amount or isotopic composition of sam-
58 ple analyzed.
59
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Fig. 4 Secondary standard summary of calibrated, mean 233U/?38U
binned values as a function of 2°U mass (picograms) per individual anal-
ysis/EIC peak. Solid horizontal lines indicate certified 2>>U /238U values.
Dashed grey contours indicate maximum U mass (nanograms) per anal-
ysis. Large/uncapped uncertainties are mean individual measurement
values; small/capped uncertainties are integrated weighted-mean values
for all measurements in a bin.

A significant aspect of this calibration approach was the ability
to predict the behavior of low mass or poorly-transmitted anal-
yses and effectively correct for high 233U/?38U bias, returning a
sample measurement to within certified isotope ratio values. We
note that this approach yields a concentration-independent cor-
rection factor, which presents a unique advantage for scenarios
where sample loading is variable and/or unstable. An additional
advantage of this technique is the ability to reliably analyze ura-
nium compositions at the extreme limit of the instrument’s de-
tection capabilities. Under current optimization settings of the
microchannel plate detector (MCP) on SRNL’s JEOL AccuToF, a
significant but definable noise floor defines a detection limit of
approximately 1000 cps; this detection limit requires a minimum
mass of 100 pg of an individual uranium isotope species for de-
tection. Therefore, when measuring equal atom 23°U:23U (e.g.,
50% 233U, not empirically evaluated here), this calibration ap-
proach could recover the certified value with a mass loading as
low as 200 pg total uranium (Fig. [5). The applicability of this
analysis method within nuclear safeguards can be further ex-
tended by leveraging the detection limit of the instrument against
235U enrichment. In the absence of the less abundant 233U signal
due to low uranium concentration, knowledge of the instrument’s
detection limit permits determination of a maximum permissible
235U/238U ratio given a 238U signal above background (Fig.
panel A). For example, such an approach allows us to constrain
whether a sample surpasses the low-enriched uranium (LEU)-to-
highly-enriched uranium (HEU) transition (defined as 20% 233U)
even in the absence of detectable 2°U; if 238U intensity is >4000
cps, then an LEU vs. HEU assessment can be made given as little
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2381 signal intensity of >4000 cps and non-detection of 2°U. Panel B) Maximum permissible 2>>U/?38U ratio given a minimum total uranium mass
in picograms, highlighting the ability to detect a sample at the LEU-HEU transition with 500 pg total uranium.

as ~500 pg total uranium (Fig. |5} panel B). Such a capability is
crucial for potential nuclear safeguards verification, e.g., enabling
an inspection agency to confidently and rapidly verify compliance
of declared faciltiies even given a “non-detect” for 233U in a low-
level environmental sample.

Conclusions

This work presents the first demonstration of quantitative ura-
nium isotopic analysis using MAI ambient mass spectrometry.
We establish that MAI-ToF-MS holds promise as a rapid and
cost-effective method to produce accurate uranim isotopic mea-
surements without the need for significant lab infrastructure.
Through a combination of instrument parameter optimization
and data calibration using Certified Reference Materials, we
demonstrated accurate 233U/233U values for secondary standards
in concentrations spanning 5-500 ng for a range of uranium en-
richments. This approach produces weighted mean uncertain-
ties approaching 1.5% and is applicable to uranium composi-
tions from LEU through HEU and concentrations as low as 200
pg for equal atom 233U:?38U uranium compositions. Future work
will incorporate the developed isotopic calibration method into a
customized graphical user interface (GUI) for simple “point-and-
click” data analysis.#!/ Additionally, uranium-bearing environ-
mental sample surrogates (e.g., environmental sampling swipes)
will be analyzed using MAI-ToE-MS to further characterize the
method’s applicability to environmental matrices. Finally, MAI
uranium isotopic analysis will be evaluated using alternative mass
spectrometer platforms to assess the viability of accurately quan-
tifying minor isotopes (e.g., 22U and 23°U) that are too low to be
detected given the limited dynamic range of a ToF mass analyzer.
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