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A B S T R A C T

Inductively coupled plasma – time-of-flight – mass spectrometry (ICP-TOF-MS) was employed for the isotopic analysis of uranium particles of varying 235U 
enrichment levels. Here, a single particle (SP)-based introduction scheme was employed such that individual particles, in a suspension, were analyzed. The uranium 
oxide microparticles were comprised of depleted uranium (DU, 235U/238U of 0.0017316(14)), natural uranium (NU, 235U/238U of 0.0072614(39)), and low enriched 
uranium (LEU, 235U/238U of 0.051025(15)). The percent relative difference of the SP-ICP-TOF-MS measured isotopic ratios compared to the expected values for the 
DU, NU, and LEU particle populations were 8.75, 0.12, and 1.23 %, respectively. After characterization, the DU and NU particles were doped within a complex 
sample matrix (Arizona Test Dust) containing Fe, Ti, Al, and Si particles, among others. Then, the suspension was analyzed via SP-ICP-TOF-MS and the detected 
particles were classified as DU or NU based on their measured 235U/238U ratio. In the same analysis, the matrix particles (i.e., Al, Fe, and Ti) were detected, 
demonstrating the simultaneous nuclide detection provided by the measurement platform. The presented SP-ICP-TOF-MS methodology for uranium particle char
acterization proved to be a high throughput method for detecting and isotopically discerning uranium particles with varying enrichment levels, in a complex matrix.

1. Introduction

Since the Treaty on Non-Proliferation of Nuclear Weapons (NPT) was 
enacted in 1970, the International Atomic Energy Agency (IAEA) has 
engaged in nuclear safeguarding activities [1]. Such activities originally 
focused on verifying declared nuclear materials and activities in coun
tries’ nuclear energy programs [1]. However, in the 1990s, the IAEA 
focus broadened to include detection of undeclared nuclear material and 
activities, primarily through the new tool of environmental sampling 
[1–5]. Environmental samples are commonly collected during in
spections of nuclear facilities by using cotton swipes to collect particu
late debris present on surfaces [1]. The analysis of these environmental 
samples allow the IAEA to verify the correctness of a nuclear facility 

declaration by determining the radionuclide compositions of collected 
particles. After an inspection, environmental samples are sent to the 
IAEA’s Network of Analytical Laboratories (NWAL) for bulk digestion 
and/or particle analysis targeted at quantifying and isotopically char
acterizing the presence of uranium (U) and/or plutonium (Pu) [4]. Bulk 
analysis typically consists of a complete digestion of the sample, fol
lowed by laborious and time intensive purifications [6,7], prior to mass 
spectrometric analysis via thermal ionization mass spectrometry (TIMS) 
or inductively coupled plasma - mass spectrometry (ICP-MS) [1,8]. 
While high-precision isotope ratios and low detection limits are obtained 
from bulk analysis techniques, information on individual particle com
positions is lost [8].

Analysis of particles on environmental samples is often conducted by 
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large geometry - secondary ion mass spectrometry (LG-SIMS) or fission 
track - thermal ionization mass spectrometry (FT-TIMS) [4,8]. LG-SIMS 
and FT-TIMS can both provide highly accurate isotopic measurements of 
individual particles, with low uncertainty [3]. LG-SIMS is capable of 
automated particle measurements, but is prone to hydride spectral in
terferences and has lower sensitivity than TIMS [8]. FT-TIMS entails 
locating individual particles (i.e., the fission track method [8]), subse
quently extracting them from a surface and individually mounting them 
on TIMS filaments. Due to the limited throughput, only a small fraction 
of the total number of particles are typically analyzed [3,8]. The limited 
sample throughput of the method, combined with high sample load 
leads to long turnaround times (typically weeks).

Another approach to particle analysis is laser ablation (LA) – ICP-MS. 
LA-ICP-MS has been widely applied to the analysis of uranium particles 
on various ICP-MS platforms, including quadrupole (Q) [9], 
time-of-flight (TOF) [3], and sector field (SF) with single [10], or 
multi-collector (MC) detection [11–13]. Benefits of using LA-ICP-MS 
include its sampling speed, resulting in a high-throughput analysis, as 
well as the ability to couple it with various techniques and detector 
types. Manard et al., further augmented LA-MC-ICP-MS by simulta
neously conducting laser-induced breakdown spectroscopy (LIBS), 
which enabled the determination of both the uranium isotope ratios 
with high precision and the ratio of F/U in UO2F2 [12].

An alternative, and relatively unexplored technique to determine 
isotope ratios in uranium particles is single particle (SP)-ICP-MS. SP-ICP- 
MS leverages the precise introduction of particles from a liquid sus
pension into the ICP, with fast detection modalities for elemental and 
isotopic characterization. The capabilities of SP-ICP-MS make it ideal for 
the analysis of both nano- and microparticles [14]. ICP-TOF-MS is 
particularly well suited for SP analysis; its ability to simultaneously 
measure all elements in the mass range 7–275 amu allows for 
multi-element analysis in each individual particle [15–22]. This tech
nique has inherently high-throughput, with the ability to analyze 
thousands of discrete entities, within a single sample, in a matter of 
minutes [15]. Recent years have seen an emergence in studies employ
ing SP-ICP-TOF-MS to determine isotopic ratios within nanoparticles 
[23–27].

Using SP-ICP-TOF-MS for isotope ratio determinations within parti
cles has been reported to have RSDs as low as approximately 2 %, with 
precision directly related to the mass amounts of isotopes present [26]. 
Considerations for this technique include minimum and maximum 
particle size limits (as the density and size of a particle relate to the 
signal response in SP-ICP-MS) [28,29], isotope ratio accuracy, and 
precision. This work is the first use of SP-ICP-TOF-MS for the isotopic 
analysis of uranium particles. This is important with regards to sampling 
and analysis methods set out by IAEA, as this analytical technique could 
be fit for isotope ratio analysis involving nuclear safeguards and foren
sics measurements. Results presented here indicate that SP-ICP-TOF-MS 
can be used to isotopically differentiate U-particles with varying levels 
of 235U enrichment, including natural, depleted, and low-enriched 
uranium.

2. Material and methods

2.1. Particles

2.1.1. Depleted uranium particles
Depleted (235U/238U < 0.007) U3O8 microparticles [30] were pro

duced by Savannah River National Laboratory (SRNL) using the SRNL 
designed THermally Evaporated Spray for Engineered Uniform partic
ulateS (THESEUS) platform [31,32]. A 2.05 mM feedstock of depleted 
uranyl oxalate was flowed (3.0 mL h− 1) through a Flow-Focusing 
Monodisperse Aerosol Generator (FMAG, Model 1520, TSI Inc.) at a 
frequency of 130 kHz and flow focusing pressure of 2.25 ± 0.05 psi. 
Filtered air was used as a carrier gas at a flow rate of 10.0 ± 0.1 L min− 1 

to remove excess water from the droplets prior to introduction to a 

diffusion drier (Model 3062, TSI, Inc.) and inline heater (Thermo Fisher 
Lindberg Blue M Mini-Mite Tube Furnace equipped with a 1″ Inconel 625 
tube) to calcine and oxidize particles from uranyl oxalate to U3O8. The 
particles were then deposited electrostatically onto 1″ diameter silicon 
planchets (UniversityWafer) using an SRNL-designed mini-aerosol 
contaminant extractor (Mini-ACE) [33]. The particle population size 
distribution was confirmed via in situ measurements of the geometric 
standard deviation with an Aerodynamic Particle Sizer (APS, Model 
3321, TSI, Inc.) before and after collection onto the substrate. SEM-EDS 
automated particle analysis (TESCAN MIRA 4) showed an average 
equivalent circular diameter of 0.89 ± 0.10 μm. An average particle 
density of 5.5 g mL− 1 was estimated through the reconciliation of APS- 
and SEM-measured size distributions. These samples were received as 
dry particles loaded on a planchet and will henceforth be referred to as 
the “DU” particles.

The DU particles used do not have a certified 235U/238U ratio and so 
MC-ICP-MS was to determine the accuracy of the ratio obtained via SP- 
ICP-TOF-MS. DU particles were digested and analyzed via MC-ICP-MS to 
accurately determine the bulk 235U/238U ratio. The stock suspension of 
DU particles was created by submersing the planchet in ethanol and 
sonicating for 30 s to suspend the particles. For digestion of the particles, 
500 μL of the stock suspension was added to a 15 mL polyfluoroalkoxy 
alkane (PFA) vial (Savillex) and heated on a hot plate at 80 ◦C for 1 h to 
evaporate the ethanol. Next, 1 mL of 8 mol L− 1 HNO3 (OPTIMA grade, 
Fisher Chemical) was added, the vial was sealed with its threaded cap, 
and the sample was heated at 110 ◦C overnight, then allowed to cool to 
room temperature. Following digestion in the 8 mol L− 1 HNO3, the 
sample was dried down and resuspended in 1 mL of 2 % HNO3 (which 
was prepared by dilution of 8 mol L− 1 HNO3 with ASTM type I water). 
Next, 100 μL of the digestate was diluted to 1 mL using 2 % nitric acid 
and then analyzed for 235U/238U ratio using MC-ICP-MS (Neptune Plus, 
ThermoFisher, Germany).

The Neptune Plus MC-ICP-MS is outfitted with a multiple ion counter 
package including three secondary electron multipliers (EM), two of 
which have retarding potential quadrupole filters (RPQ), and two 
compact discrete diode (CDD) detectors. For the analysis of the digested 
U particles, 238U was measured on the L4 faraday cup and 235U on the L5 
faraday cup, both equipped with 1011 Ω resistance amplifiers, while 
234U and 236U were measured on EMs equipped with RPQs. This 
sequence ran triplicate analyses of the digested U particles as well as 
process blanks, mass bias corrections, and CRMs IRMM-2020 and IRMM- 
2022 (uranium quality control standards). Instrumental mass fraction
ation was corrected using a direct comparison to repeated measure
ments of CRM IRMM-2025. The digested U particles and the quality 
control standards (IRMM-2020 and -2022) were all run with a matrix 
matched acid blank immediately preceding the analyses. The IRMM- 
2025 mass fractionation comparator standard was run after every two 
samples or quality control standards. The measurements began with a 
peak center on 238U followed by 15 cycles each with 8 s of integration 
time. Corrections were made to account for the hydride contribution by 
monitoring mass 239 (238UH+).

2.1.2. Natural uranium particles
The second set of particles was provided by Forschungszentrum 

Jülich (FZJ) and were synthesized from a certified reference material 
(CRM 129-A; New Brunswick Laboratory Program Office, NBL PO) with 
natural uranium isotopic composition using an aerosol-based method 
similar to that of SRNL. The procedure is described in more detail 
elsewhere [34,35]. A uranyl nitrate solution (111.8 μg U g− 1) was 
pumped with a flow rate of 2.6 μL s− 1 into a Vibrating Orifice Aerosol 
Generator (VOAG 3450, TSI, Inc.) to generate an aerosol jet using a 20 
μm orifice (TSI, Inc.) vibrating with a frequency of 70 kHz. The aerosol 
droplets were dried in a purified air stream (18 L min− 1) to form uranyl 
nitrate particles that were transformed in an aerosol heater (Dekati, 
Finland) at 500 ◦C to the more stable uranium oxide form. Subsequently, 
monodisperse microparticles with diameter of 1.2 μm were collected on 
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quartz discs for 1 h. These particles were received as a suspension in 
ethanol and will henceforth be referred to as the ‘NU’ particles.

2.1.3. Low enriched uranium particles
Uranium particles (IRMM-2331P) were procured as a certified ura

nium particle reference material [4] from the Joint Research Centre 
(Geel, Belgium). They have a235U/238U ratio of 0.051025(15) [4] and 
will be henceforth referred to as the ‘LEU’ particles. The particles were 
received as dry particles loaded on a planchet. The synthesis of these 
particles has been described in detail elsewhere [36].

2.1.4. Arizona Test Dust
Arizona Test Dust (ATD, ISO-12103-1), from Powder Technology, 

was utilized as a sample matrix to demonstrate the multi-isotopic ca
pabilities of SP-ICP-TOF-MS. ATD is composed of particulate SiO2 
(68–76 wt%), Al2O3 (10–15 wt%), Fe2O3 (2–5 wt%), Na2O (2–4 wt%), 
CaO (2–5 wt%), MgO (1–2 wt%), TiO2 (0.5–1 wt%), and K2O (2–5 wt%). 
The ATD particles are <0.3 μm in diameter.

2.2. Preparation of particle suspensions

Stock suspensions of DU and LEU particles were created by 

submersing the planchets in ethanol (Supelco, EMSURE®) and sonicat
ing them for 30 s to suspend the particles. The NU sample was received 
already suspended in ethanol.

The samples containing a single type of uranium particle were pre
pared by volumetric dilution, with ASTM type I water (18.2 MΩ-cm) as 
follows: 50 μL of NU stock suspension was diluted to a final volume of 1 
mL, 20 μL of suspended DU particles was diluted to a final volume of 
500 μL (due to limited sample volume), and 100 μL of LEU stock sus
pension was diluted to a final volume of 1 mL. Particle number con
centrations, or PNCs, were estimated based on the number of particles 
with detected 238U and an assumed transport efficiency of 40 % 
(assumed from previous analyses of standard gold nanoparticles 
(nanoComposix, San Diego, CA, USA) for all runs). The PNCs were 
approximated at 2 × 105, 9 × 104, and 2 × 104 uranium particles mL− 1 

for NU, DU and LEU, respectively.
ATD was weighed such that ~0.005 g was suspended in 50 mL of 

water, sonicated for 30 s, and then diluted by ~4700×. Next, 700 μL of 
this ATD suspension was mixed with 25 μL of the DU stock suspension 
and 100 μL of the NU stock suspension, which was then diluted to a final 
volume of 1 mL to create the mixed particle sample. The ratio of ATD 
particles to uranium particles was ~6:1, with a uranium particle con
centration of ~1.5 × 105 particles mL− 1.

2.2.1. SP-ICP-TOF-MS operating parameters
The analyses of suspensions of nano- and microparticles were all 

conducted using an icpTOF R (TOFWERK AG, Thun, Switzerland) [16,
17]. Samples were delivered to the ICP-TOF-MS at a rate of 10 μL min− 1 

by a microFAST SC autosampler (ESI, Omaha, NE, USA). The microFAST 
SC performs mixing steps on samples, resuspending particles and 
allowing for unattended analysis of nano- and microparticle samples 
[16]. A high efficiency sample introduction system, composed of a 
CytoNeb200 (i.d., 150 μm) nebulizer (ESI, Omaha, NE, USA) and 
CytoSpray spray chamber (ESI, Omaha, NE, USA), was used for 
enhanced particle transport efficiency [16].

The ICP-TOF-MS was operated in kinetic energy discrimination 
(KED) mode using ultra high purity (99.999 %) He (Airgas, Radnor, PA, 
USA). Further instrument parameters can be found in Table 1.

Table 1 
ICP-TOF-MS instrument parameters used when running each sample set.

Instrument Parameter NU and LEU Particles DU Particles and Mixture

Nebulizer Gas (Ar L min− 1) 0.54 0.53
Additional Gas (Ar L min− 1) 0.35 0.33
Auxiliary (Ar L min− 1) 0.82 0.82
Cool Gas (Ar L min− 1) 14.01 14.43
Sampling Depth (mm) 6 6
RF Power (W) 1550 1550
CCT Mass (V) 146 167
CCT Bias (V) 3.32 2.22
CCT Gas (He mL min− 1) 5.02 2.40
Notch (m/z (V)) 40 (1.5), 30.5 (2), 40.5 (1.7), 16.3 (2),

36(1.5), 241 (1) 30.5 (2), 241 (1)
Acquisition Time 2 ms 2 ms

Fig. 1. SEM images of U3O8 particles on a silicon wafer. (a) DU particles at 15k zoom, (b) LEU particle at 15k zoom, (c) DU particles at 1k zoom and (d) LEU particles 
at 1.5k zoom.
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3. Results/discussion

3.1. Uranium particle characterization via SEM-EDS

A Hitachi SU3900 scanning electron microscope (SEM) was used to 
image DU and LEU particles before they were suspended in ethanol (i.e., 
directly on the planchet). Fig. 1a and b show particle morphology of the 
DU and LEU, respectively. There are approximately 107 particles on the 
DU wafer, compared to about 104 on the LEU wafer; the clear difference 
in particle number density is shown in Fig. 1c and d. NU particles were 
not measured via SEM as they were acquired in a suspension.

3.2. ICP-TOF-MS notch filter calibration

SP-ICP-TOF-MS is typically quantitative for elements in the attogram 
to femtogram range. Here it is being used for the analysis of micropar
ticles in the picogram range (~2–6 pg of U). The transition from nano
particles to microparticles represents an increase in mass by a factor of 
103 to 105, corresponding to a comparable increase in the number of 
ions per particle. This significant increase in signal intensity can lead to 
detector saturation, posing a new challenge for accurate measurements. 
In this approach, He was used as a collision gas to dampen the ion pulse 
resulting from a single particle, which is needed for these ‘large’ mi
croparticles [37]. However, the use of a collision gas alone is not suffi
cient signal attenuation for the current application. A feature of the 
icpTOF R is its notch filter, which is a RF-only quadrupole, allowing it to 
selectively attenuate high intensity signals, typically from the plasma 
(N2

+, O2
+, Ar+) or sample matrix [17]. Thus, to address detector satura

tion caused by high 238U-isotope signals, an RF notch filter was used to 
attenuate the analyte (238U) signal rather than a matrix ion. Shifting the 
target m/z slightly above 238U allowed reduction of 238U intensity via 
the filter’s attenuation falloff while minimizing suppression of neigh
boring 235U. Similar to previous work with Pb isotopes, where notch 
filters were used to attenuate signals and prevent saturation [38], this 

approach effectively mitigates signal overload while preserving mea
surement accuracy. This configuration decreased the 238U signal to ~8 
% of its original value, while the 235U was only decreased to ~37 % of its 
original value (Fig. 2).

For quantification of 235U/238U ratios, the selective attenuation of 
the 238U signal necessitates the determination of a notch calibration 
factor. These factors were determined via the digested particle suspen
sion, or by aqueous standards (IRMM CRMs), with known 235U/238U 
ratios. The notch factor was determined by dividing the known isotopic 
ratio (via MC-ICP-MS or certified reference value) of the dissolved 
standard by the average isotope ratio of the standard obtained with the 
applied notch filter. The particle ratios obtained using the same notch 
filter were multiplied by this factor to determine their ‘corrected value’. 
The standards used for each U-particle type and notch correction factors 
can be found in Table 2. Data collected by SP-ICP-TOF-MS was analyzed 
using TOF-SPI, incorporating split event correction, and plotted using 
OriginPro [39].

3.3. Uranium particle analysis by SP-ICP-TOF-MS

Aspiration of a suspension of particles into an ICP-MS at an 

Fig. 2. Measurement of an IRMM-2022 solution, a certified reference material 
with a235U/238U ratio of 0.0072562(12) with different notch filter settings. To 
the left of the dashed line, no notching was applied. To the right of the line, m/z 
241 was notched with an amplitude of 1 V. The line with the empty circles 
represents the signals recorded in a water blank with both unnotched and 
notched settings.

Table 2 
Summary of notch correction factor.

Analytical Sample DU NU LEU

Standard Used for Notch Corrections Digested DU IRMM-2022 IRMM-2029
Expected235U/238U Ratio of Standard 0.00173157(24) 0.0072562(12) 0.044052(13)
TOF Notched235U/238U Ratio of Standard 0.00317 0.0376 0.178
Notch Correction Factor 0.546 0.193 0.247

Fig. 3. Time trace of DU particles introduced to SP-ICP-TOF-MS. (a) displays 
the entire duration of the injection where each signal spike represents a single 
U3O8 particle. (b) Is a zoom in on a single particle detected at 120 s. The break 
in the y-axis allows a view of the simultaneous detection of both 238U and 235U 
within the same particle.
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appropriate concentration and appropriate dwell/integration times 
produces a time trace where relatively low background signal is punc
tuated by high intensity signal spikes, each of which represents a single 
particle. An example transient, produced by aspirating a suspension of 
DU particles into the ICP-TOF-MS, is shown in Fig. 3.

Isotope ratios from the SP-ICP-TOF-MS measurements for each 
sample (DU, NU, and LEU particles) are plotted in Fig. 4. Average ratios 
were determined using all particles, and are plotted as solid lines in 
Fig. 4, while the expected ratios, based on the measured particle digest 
(DU), the certified value of the particle starting material (NU), or 
certified values of the particles themselves (LEU) - are plotted as dashed 
lines. Table 3 summarizes the expected isotope ratios of the samples and 
the ratios measured by SP-ICP-TOF-MS (before and after a notch 
correction factor was applied). Based on the confidence bands depicted 
in Fig. 4b, SP-ICP-TOF-MS can reasonably differentiate DU from NU for 
particles with greater than ~10 counts of 235U. The confidence bands in 
Fig. 4b are calculated based on Poisson-Normal approximations, with an 
α = 0.05. At least 97 % of each individual particle population is con
tained within the bounds of these confidence intervals. The intersection 
of DU’s upper confidence interval band and NU’s lower confidence in
terval band occurs at ~10 counts of 235U, which sets a threshold at 
which these two particle populations are distinguishable based on their 
isotope ratio. Similarly, at the intersection of NU and LEU confidence 
interval bands, any U particle type (DU, NU, or LEU) with 235U > 20 
counts can be differentiated from one another.

Total relative standard deviations (RSDs) surrounding the ratios 
obtained for DU, NU, and LEU particles were 31 %, 41 %, and 23 %, 
respectively. These RSDs are reflective of the spread of ratios obtained 

within each particle population, and the spread is indicative of the RSD 
of the measurement itself, which is controlled by Poisson statistics and 
inherent to the TOF-MS instrument [17,40,41]. Most of the spread in the 
total RSDs is attributed to particles with low counts of either U isotope 
(238U or 235U). For example, if only particles with more than 20 counts of 
235U are considered, the RSDs within particle populations improve to 11 
%, 14 %, and 13 %, respectively.

After using the notch filter to prevent detector saturation, the linear 
dynamic range (LDR) of the system becomes a critical factor. Harycki 
and Gundlach-Graham tested the LDR of the icpTOF-S2 (TOFWERK AG) 
using microdroplets as surrogates for particles, and found that the LDR 
for individual droplets/particles spanned 1–20,000 counts (per droplet/ 
particle) [42]. Previous studies, which have also reported detector 
non-linearity due to detector saturation, established a generally 
accepted cutoff threshold of 20,000 cps [3,40,42,43]. Beyond this range, 
the detector exhibits non-linear behavior, which can lead to deviations 
in the measured isotope ratios. The difficulty of measuring these 1 μm 
particles is partly due to the LDR of the instrument. The depleted ura
nium measured here nominally has a 235U/238U ratio of 0.0017316(14), 
so the expected count rates of 235U and 238U are about three orders of 
magnitude apart. There is only a narrow count range in which both 235U 
and 238U counts will be accurately detected. In this work, a non-linear 
response of the detector was also observed for particles generating 
>20,000 counts (mostly from 238U). Consequently, all particles 
exceeding this count threshold were excluded from analysis.

The corrected 235U/238U ratios for the NU and LEU particles, deter
mined by SP-ICP-TOF-MS, were close to the certificate values; the 
relative differences were 0.12 % and 1.23 %, respectively. While the LEU 

Fig. 4. (a) Counts of 235U vs 238U and (b) 235U/238U ratio (log scale) as a function of 235U counts from particle suspensions.

Table 3 
Summary of measured and expected U-particle isotopic ratios.

Analytical Sample DU NU LEU

Expected235U/238U Ratio 0.0017316(14)a 0.0072614(39)b 0.051025(15)c

Average TOF235U/238U ratio of sample (uncorrected) 0.00332 0.0376 0.203
Average TOF235U/238U ratio of sample (corrected) 0.00189 0.00727 0.0504
Relative difference from expected ratio 8.75 % 0.12 % 1.23 %
Number of particles detected 91 400 107

a Based on bulk digestion MC-ICP-MS performed in house.
b Based on certified reference material the particles were synthesized from.
c The particles themselves are a certified reference material, as detailed in Ref. [4].
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particles should theoretically have the lowest relative difference, it is the 
NU particles that show the smallest relative difference. This discrepancy 
may be partially caused by the use of the IRMM-2029 CRM to determine 
the notch correction factor for LEU particle ratios. IRMM-2029 does not 
match the expected value of LEU, with a 235U/238U ratio of 0.044052 
(13) (15 % lower than the LEU particles). Due to the non-linear notch 
effects, it is possible that the notch correction factor obtained from the 
IRMM-2029 standard is not suitable for the ratios in the LEU particles 
studied here. Future notch filter studies may better assess how signal is 
attenuated, but for these samples, or other unknown samples, it would 
be advisable to run multiple CRMs with samples to best assess which 
correction factor may need to be employed. The low number of particles 
detected (n = 107) may have also contributed to this higher-than- 
expected relative difference. The 235U/238U ratio for the DU particles, 
as measured by SP-ICP-TOF-MS, had a much larger relative difference of 
8.75 %. Both the low 235U count rate for DU particles and low number of 
particles detected (n = 91) contributed to the larger relative difference. 
The relative difference surrounding the 235U/238U ratio within particles 
(Fig. 4) shows that these particle populations can still be differentiated 
from each other with the measured discrepancy of each isotopic ratio 
from the certificate value.

The use of various dissolved 235U/238U standards would allow for 
accurate correction of notching and determination of 235U/238U ratios 
and may mitigate the relative difference discrepancy shown here. For 

screening samples, a single standard with known 235U enrichment could 
even be used to determine if samples are above or below that particular 
level of 235U enrichment.

3.4. Particle analysis in high matrix

Environmental samples are expected to have dirt, debris, and other 
particulate matrix inclusions. A suitable analysis technique must 
therefore be able to accurately determine uranium isotope ratios in a 
high-matrix sample. An artificial high-matrix sample was created in 
which DU, NU, and Arizona Test Dust particles were suspended in the 
same solution. DU and NU were chosen because their isotope ratios are 
the closest between the three particle types, making them more difficult 
to differentiate in a mixture. This experiment was carried out to deter
mine if the DU and NU particle populations could still be accurately 
identified. The SP-ICP-TOF-MS time trace for this mixture is shown in 
Fig. 5. The multi-element fingerprinting allows for easy differentiation 
of matrix particles (Fe, Ti, Al) from sample particles (U). Other particles, 
containing Na, Mg, and Si, were also detected (originating from the 
ATD), but are not reported here due to their inherently high dissolved 
backgrounds and low sensitivities.

The 235U/238U ratio from the spiked NU and DU particles detected in 
this sample are displayed in Fig. 6. Prior to analyzing the mixed particle 
sample, the average 235U/238U ratios and confidence bands (presented 
in Fig. 6) were determined by running individual suspensions of DU or 
NU particles under the same experimental conditions as the mixture 
sample, since tuning and notching parameters affect the absolute 
sensitivity and isotope ratios. The analysis of individual DU and NU 
particles was necessary to determine Poisson-Normal confidence bands 
for mixture data (rather than just using one certified value), as the 
standard deviation in a particle’s ratio is dependent on the counts of 
each isotope within the particle itself. In these experiments, the average 
235U/238U ratios for DU and NU (uncorrected) were 0.00332 and 
0.01233, respectively. By determining the intersection of the confidence 
bands between particle types, U-particles are again able to be differen
tiated when they have >23 counts of 235U. At 23 counts of 235U, a 
threshold 235U/238U ratio can also be set. This threshold 235U/238U ratio 
was determined to be 0.00510; particles below this ratio (and over 23 
counts of 235U) were classified as DU and particles above this ratio (and 
over 23 counts of 235U) were classified as NU.

Approximately equal numbers of DU and NU particles were added to 
this sample (based on dilutions from the individual particle runs). In 

Fig. 5. One minute time trace of sample containing DU, NU, and ATD.

Fig. 6. For the mixed DU and NU sample in ATD. (a) Shows an isotopic plot (235U vs 238U) as a function of counts for ICP-TOF-MS and (b) shows the 235U/238U ratio 
as a function of 235U counts. The dashed red line is the 235U counts above which DU and NU can be classified.
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total, over 700 U-particles were detected by SP-ICP-TOF-MS. Of these, 
316 had detectable amounts of 235U. Using the count/ratio thresholding 
criteria, 95 (30.1 %) of those particles were classified as DU or NU; 41 
were classified as DU and 54 were classified as NU. More particles may 
have been characterized with different thresholding methods, or efforts 
to minimize background counts, but setting the count/ratio threshold 
was fit-for-purpose. Not only were these U-particles classifiable when 
mixed, but they were also identified in the presence of 1077 Al particles, 
655 Fe particles, 293 Ti particles, and >2000 other multi-element par
ticle types (FeAl, FeTi, etc.).

4. Conclusions

Here, SP-ICP-TOF-MS was employed to characterize uranium parti
cles (1 μm) based on their 235U/238U isotopic ratio. The method enabled 
the determination of the 235U/238U ratio in populations of DU, NU, and 
LEU particles with relative percent differences all below 10 %. 
Furthermore, the sensitivity of SP-ICP-TOF-MS was enough to obtain 
accurate ratios, even when DU particles averaged only 26.6 counts of 
235U, and had expected ratios ~30 times lower than the LEU.

Additionally, SP-ICP-TOF-MS rapidly detected and characterized U- 
particles as either DU or NU in a complex matrix. Of the 316 classifiable 
uranium particles, 30.1 % were classified as either DU or NU based on 
their 235U/238U ratios. Considering that DU and NU both have a low 235U 
content and are relatively close in their 235U/238U ratio, differentiating 
LEU or higher enrichment level particles from DU or NU is expected to 
result in a higher percentage of characterizable particles. This unique 
capability, along with its high-throughput, makes SP-ICP-TOF-MS a 
promising tool for environmental samples, and could alleviate the 
analytical burden on more time consuming, laborious, and expensive 
methods currently utilized, such as FT-TIMS and LG-SIMS.
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