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Abstract:

Uranium hexafluoride (UF,) is the uranium compound typi-
cally involved in uranium enrichment processes. As the
first line of defense against proliferation, accurate determi-
nations of the uranium isotopic ratio (or enrichment) in UF,
are critical for materials verification, accounting and safe-
guards. Currently, mass spectrometry (MS) is the most
sensitive measurement technique for analysis of stable
and long-lived isotopes. However, current MS techniques
require too much infrastructure and operator expertise for
field deployment and operation. In-field isotopic analysis of
UF has the potential to substantially reduce the time, lo-
gistics and expense of bulk sample handling by allowing
for an ‘informed’ choice of samples to be sent to a central
laboratory for further definitive analysis by standard
techniques.

It is common that the next generation of analytical instru-
ments is driven by technologies that are either currently
available or just now emerging. Therefore, a comprehen-
sive and in-depth review is conducted on state-of-the-art
and emerging technologies for field enrichment analysis of
UF,. These technologies are evaluated based on their
competitive advantages and current limitations for in-field
UF, enrichment assay. The objective of the study is to
identity the most promising technologies that can be used
for development of the next-generation, field-deployable
instrument for providing rapid, accurate, and precise UF,
enrichment assay. In this paper, we provide an overview of
instrument options, discuss their limitations, and examine
the main gaps between needs and capabilities for their
field use.
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1. Introduction

Uranium hexafluoride (UF,) is arguably the most important
uranium compound in the nuclear fuel cycle, particularly
for uranium isotope enrichment. The enrichment of the
#%U isotope in UF, is a necessary major step in the pro-
duction of fuel for most nuclear power plants. As nuclear
fuel cycle technology becomes more prevalent around the
world, international nuclear safeguards and interest in UF,

enrichment assay has been growing. As the first line of de-
fense against proliferation, accurate analytical techniques
to determine the uranium isotopic distribution in UF, are
critical for materials verification, accounting, and safe-
guards at enrichment plants.

Currently, the International Atomic Energy Agency (IAEA)
monitors the production of enriched UF, at declared facili-
ties by collecting between 1-10 g of gaseous UF, into a
sample bottle, which is then transferred and tamper-
sealed in an approved shipping container. The sample is
shipped under chain of custody to a central laboratory
[e.g., IAEA's Nuclear Materials Analysis Laboratory (NMAL)
in Seibersdorf] for high-precision isotopic assay by mass
spectrometry (MS) [1, 2]. The logistics are cumbersome
and the analysis is costly, and results are not available for
some time after sample collection. In addition, new ship-
ping regulations are making it more difficult to transport
UF, [2]. The IAEA is challenged to develop effective safe-
guards approaches at enrichment plants while working
within budgetary constraints [3].

There is one on-site enrichment-assay technique, termed
COMbined Procedure for Uranium Concentration and En-
richment Assay (COMPUCEA), which offers exceptional
analytical capabilities with typical combined (systematic
and random) measurement uncertainty around 0.25% rel-
ative [4, 5]. COMPUCEA combines energy-dispersive X-ray
absorption edge spectrometry and gamma-ray spectrom-
etry to measure uranium elemental content and 2*°U en-
richment, respectively. The method is already in use in in-
ventory verification campaigns at European LEU fuel
fabrication plants [4]. Currently, the method is utilized only
for solid samples and is not yet applied to UF, enrichment
assay. IAEA is exploring extending the COMPUCEA sys-
tem to in-field UF, enrichment determination [6]. Major
shortcomings of the method are its comparatively compli-
cated sample preparations, and its hours-long measure-
ment time for each sample.

For off-site U-enrichment measurements, MS is currently
the most sensitive analytical technique; however, current
MS techniques require too much infrastructure and opera-
tor expertise for field deployment and operation. In-field
UF, enrichment assay has the potential to substantially re-
duce the time, logistics and expense of bulk sample
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handling by allowing for an ‘informed’ choice of samples to
be sent to a central laboratory for definitive analysis by
standard laboratory techniques.

The objective of the present study is to identify the poten-
tial, viable technologies that are likely to culminate in an ex-
pedited development of the next generation of field de-
ployable instrumentation for rapidly determining UF,
enrichment. One common approach to project the next
generation of chemical instrumentation is to track the cur-
rent trends and to extrapolate them [7]. This approach, al-
beit somewhat conservative, has been demonstrated with
a fair degree of reliability in the fields of analytical science
and chemical instrumentation [7]. Therefore, an extensive
literature review on existing and emerging technologies for
UF, enrichment assay is performed, and the competitive
advantages and current limitations of different analytical
techniques are compared. Based on the results of the re-
view, requirements and recommendations for develop-
ment of the next-generation field-deployable instrument for
UF, enrichment assay are addressed.

2. Methodology

Current analytical techniques for UF, enrichment assay are
based on one of three scientific principles: radiometry,
mass spectrometry, and optical spectrometry. In this
study, a comprehensive list of UF, enrichment-assay meth-
ods is reviewed and evaluated. COMPUCEA [4, 5] is a ra-
diometric technique and serves as a benchmark for on-
site U enrichment assay. Evaluated mass spectrometric
techniques include: gas source mass spectrometry
(GSMS) [8], thermal ionization mass spectrometry (TIMS)
[9], inductively coupled plasma mass spectrometry (ICP-
MS) [9, 10], multi-photon ionization mass spectrometry [11,
12], UF, molecular mass spectrometry with portable mass
spectrometer [13], laser ionization mass spectrometry [14],
surface-enhanced laser desorption and ionization (SELDI)
[2], liquid sampling-atmospheric pressure glow discharge
mass spectrometry (LS-APGD-MS) [15-18], and atmo-
spheric-pressure solution-cathode glow-discharge mass
spectrometry (AP-SCGD-MS) [19]. Techniques based on
optical spectrometric principles include: optical atomic
emission with argon afterglow discharge or ICP [20-22],
glow discharge optogalvanic spectroscopy [23], laser-abla-
tion laser induced fluorescence [24], laser ablation absor-
bance ratio spectrometry (LAARS) [25, 26], atomic beam
tunable diode laser absorption [27], tunable laser infrared
(IR) absorption [28, 29] and its high performance version
with quantum cascade laser [30], and laser induced spec-
trochemical assay for uranium enrichment (LISA-UE).

GSMS, TIMS and ICP-MS are included to enable compari-
son with laboratory techniques. Otherwise, all other tech-
niques should be directly compared with COMPUCEA for

their potential to serve as an alternative field-based enrich-
ment assay technique. Each technique is compared
against seven assessment criteria; estimated technological
maturity and instrument costs are also provided. Because
of page limit, it is not feasible to describe, even briefly, all
the reviewed techniques in great detail. Therefore, only
those analytical techniques, according to published litera-
ture results, that so far show the highest potentials for UF,
enrichment assay as alternatives for TIMS or multi-collec-
tor (MC)-ICP-MS will be emphasized.

2.1 Assessment criteria

The seven assessment criteria are: meeting predefined
target of analytical accuracy and precision (two separate
criteria), meeting relaxed target of accuracy and precision
(two criteria), simultaneous 2%U and 2%U measurement,
measurement time, and overall ease of operation. The
IAEA published international target values (ITVs) [31] for a
wide variety of measurement techniques for nuclear mate-
rial accountancy and safeguards verification. The ITVs are
considered to be achievable values in routine measure-
ments and are uncertainties to be considered in judging
the reliability of analytical techniques applied to the analy-
ses of nuclear materials [31]. GSMS, TIMS and MC-ICP-
MS are the only three MS systems listed under destructive
analysis (DA) techniques [31]. Although more techniques
(five) are listed under the category of non-destructive anal-
ysis (NDA), it is notable that measurement uncertainties
from NDA technigues are much larger — typically more
than an order of magnitude larger — than the three MS-
based DA techniques [31].

To evaluate the analytical accuracy and precision of a can-
didate analytical technique, reported analytical figures of
merit are compared to the ITVs of TIMS and MC-ICP-
MS [31], which serve as comparison references. For these
MS systems, the u(r) and u(s) (i.e., random and systematic
uncertainties, respectively) [TVs are the same, and they are
0.5% (relative) for depleted U (***U < 0.3% abundance),
0.2% (relative) for uranium with 2%U abundance between
0.3% and 1%, 0.1% (relative) for LEU (1% < 2%°U < 20%),
and 0.05% (relative) for HEU (23U > 20%) [31]. The IAEA
ITVs define the strict target for analytical accuracy and
precision for all analytical techniques under evaluation. Be-
cause the IAEA ITVs are intended for more established
techniques, to better gauge the potential of emerging
techniques that are still under active development, an ad-
ditional set of performance criteria is set by relaxing the
target values by 10x (i.e., 5% relative for depleted U, 2%
relative for samples with 23U between 0.3% and 1%, and
so on). In case the emerging technique is so new that ex-
perimental data are not yet available specifically for urani-
um, projected or extrapolated values from very similar
techniques sharing the same scientific principle are used.
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2.2 Importance of simultaneous measurement and
signal correlation in isotope-ratio determination

Signal correlation is crucial in defining the accuracy and
precision of isotope-ratio measurements, and thus, its im-
portance needs to be stressed. So far, none of the analyti-
cal techniques directly measure the 2%U/?%8U ratio. In-
stead, all available techniques indirectly gauge the 23°U/2%U
ratio through separate measurements of the signals from
235 and 2%8U. All measurements unavoidably contain noise
[32]. Noise can be further categorized as uncorrelated and
correlated. Examples of uncorrelated noise include shot
(also known as Poisson) noise and thermal (also known as
Johnson) noise [32, 33]. Shot noise is the result of random
arrival of particles [e.g., radioactive decay particles, pho-
tons for emission source, or ions for ionization source]
onto the detector [33]. Thermal noise is the consequence
of random movement of electrons in resistors in electronic
devices [32, 33]. Correlated noise is due to flickering of the
system, and examples include: variations in the sample in-
troduction system, fluctuations in atomization, ionization or
excitation efficiencies for optical and mass spectrometry,
and interference noise from power supply [32, 33].

The relative error in the ratio of two signals, x and y, could
be larger or smaller than those in the individual signals (i.e.,
a further degradation or an improvement in measurement
precision); the outcome is heavily dependent on the corre-
lation of noise in the two signals. To illustrate the impor-
tance of signal correlation, computer simulated signals with
both correlated and uncorrelated noise components have
been generated and are shown in Figure 1 below. Individu-
ally, the precisions of the two signals, x and y [relative stan-
dard deviations (RSD) ~ 20%] are rather unacceptable for
many situations. However, because the two signals are
highly correlated — that is signal dips and peaks occur at
the same time for the two signals, the noise is greatly re-
duced in the ratio x/y (RSD ~ 1.5%). These highly correlated
signals are usually achievable only when the two signals
are acquired simultaneously, as repeatedly proven in the lit-
erature [34-36]. Signal correlation typically greatly degrades
for sequential measurements (i.e., when signals x and y are
measured one by one, sequentially in time).

From the foregoing discussion, not all noise sources are
correlated in nature. The uncorrelated noise source that is
particularly relevant to isotopic analysis is the counting sta-
tistics of shot noise. In an ideal case in which all other noise
sources are eliminated, precision of isotopic analysis is then
governed by counting statistics. Because radiometric tech-
niques usually do not have other noise sources, their preci-
sions are largely limited by counting statistics. For a truly si-
multaneous ICP mass spectrometer, it has been shown
that isotopic-ratio precision close to counting-statistics limit
is achievable [37]. Accordingly, one criterion on evaluation
of a candidate analytical technique is on its capability to
perform truly simultaneous measurement for 23°U and 2%8U.
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Figure 1: Two simulated signals, x and y, and the resultant sig-
nal ratios (x/y), demonstrating the importance of correlated noise
and simultaneous measurement in improving the signal (isotopic)
ratios.

3. Results and Discussion
3.1 Results of performance assessment

Table 1 summarizes the performance of the benchmark
laboratory-based techniques (GSMS, TIMS, and MC-ICP-
MS), the benchmark field technique (COMPUCEA), and
the four emerging techniques that show promising poten-
tial for in-field UF, enrichment assay. There are three
grades for each assessment metric. For metrics under the
categories analytical performance and operation, the three
grades are equivalent to pass (marked with a symbol “+”),
marginal (symbol “o”) and fail (symbol “-”).

u ”

For analytical accuracy and precision, a “+” rating indicates
meeting the stated criteria, a “o” rating represents not
meeting the criteria but is within 3x the target (i.e., margin-
ally fail), and a “~” rating denotes not meeting the criteria
even if the target is relaxed by a factor of 3. The metric “si

multaneous 2*°U and 2%U measurements” summarizes if
the 2°U and 2%U measurements are performed in truly si-
multaneous (“+”), quasi-simultaneous (“0”) or sequential
(“=") fashions. The metric “measurement time” refers to
typical measurement time. Techniques rated “+” typically
require less than 10 minutes for one measurement. Tech-
niques that typically require more than 10 minutes but less
than one hour are rated “o”, and those requiring more than
one hour are rated “-". The metric “overall ease of opera-
tion” reflects the overall complexity of the measurement
procedures (including sample-preparation procedures)
and instrument operation (e.g., turn-key versus complicat-
ed systems), as well as general robustness of the instru-
ment and the technique.

All techniques are also compared on their “technology
maturity” and “instrument cost”. Unlike metrics on
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analytical performance and operation, which can be
readily quantified and most results are available in open
literature, assessments and estimations on “technology
maturity” and, in particular, “instrument cost” are difficult
because they depend on so many other factors (e.g.,
technology breakthrough or bottleneck that have not yet
been recognized, research support and effort) that in
general are unforeseeable. Therefore, the assessments
on these two metrics reflect only our best estimation. For
technology maturity, techniques rated “+” indicate that
they are currently in use on routine basis for UF, enrich-
ment assay. Techniques rated “o” indicate that they are
not yet used routinely for UF, enrichment assay but
should be very close to or are already available for field
testing, whereas techniques rated “~” indicate further de-
velopment is needed before field testing can be material-
ized. “Instrument cost” is compared on a relative basis
with three grades of descending capital equipment cost:

‘$$8, *$$" and *".

It should be noted that the evaluations are based solely on
results that can be found in the open literature, for example:
journal articles, conference proceedings, publicly accessible
reports, traceable presentations in scientific meetings or
conferences, and IAEA or NNSA factsheets. Although we
have included the latest open literature results to the best of
our knowledge, because active research is still on-going on
many emerging techniques, the most updated performance
of a technique could be better than what was published in
the open literature. Furthermore, it is appropriate to stress
that each technique is evaluated solely for its suitability to
provide on-site enrichment assay specifically for UF,. Ac-
cordingly, a technique evaluated but not listed in Table 1
should not be viewed negative as a whole because it is pos-
sible that the candidate technique could be promising for
other applications (e.g., for other types of U samples, as an
in-laboratory analytical method, or its ability to perform
quick screening measurement that does not require the
stated high accuracy or precision).
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LS-APGD-MS (with Orbitrap MS) ? + ? + + + o - $$
AP-SCGD-MS (with Orbitrap MS) ? +Est ? st + + o - $$
LAARS o o + + + + o o $
LISA-UE Est _Est ? oFst + + + _ $

Note 1: Signal correlation for measurement-noise reduction through simultaneous 2*°U and 2*®U measurement
does not apply in COMPUCEA because the isotopic assay is performed through radiometric counting (gamma
ray), in which the dominated noise source is counting statistics.

Table 1: Assessment summaries of benchmark and promising techniques for UF, enrichment assay. A superscript “Est” indicates estima-
tion from scientific principle. A question mark indicates that information either is not yet available or is insufficient for estimation.

3.2 Benchmark techniques - GSMS, TIMS, MC-ICP-
MS and COMPUCEA

The benchmark techniques will be briefly discussed in
this section, whereas the details of each promising
emerging technique will be individually discussed in the
following sections. Overall, all the three benchmark, MS-
based techniques offer outstanding analytical perfor-
mance but demanding operation in terms of

measurement time as well as expertise in instrument op-
eration. All MS-techniques comprise two essential com-
ponents — an ionization source and a mass analyzer. The
mass analyzer responds only to ions (charged particles)
but not neutrals; thus, an ionization source is required to
convert the neutral (uncharged) sample to charged ions.
The mass analyzer separates and measures the charged
235 and 228U atoms/molecules according to their different
mass-to-charge ratios.
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Gas source mass spectrometry (GSMS) accepts gaseous
UF, samples directly for enrichment-assay measure-
ments. Because of the homogeneity of gaseous sam-
ples, it is currently the most sensitive and precise meas-
urement technique [38]. However, its drawback for UF,
analyses is its long measurement time. The long meas-
urement cycle is related to memory effects due to the
corrosive and reactive nature of gaseous UF,, which can
be compensated only by multiple measurements alter-
nating between the sample and two calibration stand-
ards. As a result, the duration for one measurement cycle
is about 5 hours [38]. For TIMS measurements, samples
are usually presented as a solution and deposited onto
the TIMS filament for electrothermal vaporization as well
as ionization. Measurement precision for TIMS is slightly
lower than GSMS because the sample on a TIMS fila-
ment becomes isotopically inhomogeneous due to frac-
tionation during the measurement process [38]. MC-ICP-
MS employs a high temperature (>6000 K) inductively
coupled plasma — requiring high power (~1.5 kW) — as the
atomization and ionization source. The MC-designation
refers to the specific type of mass analyzer, a multi-col-
lector. The MC-mass spectrometer is a double-focusing
system consisting of an electrostatic sector and a mag-
netic sector in which ions are separated according to
their mass-to-charge ratio and focused onto a focal
plane. The MC-system allows the operator to position
several detectors at different positions along the focal
plane of the mass spectrometer [39] for simultaneous
collection and measurement of several masses.

A joint-laboratory study [40] compared U-isotopic ratio
measurements by GSMS, TIMS and MC-ICP-MS. For a
UF, sample with #**U at natural abundance, the RSDs were
0.012%, 0.025% and 0.060%, respectively [40]. Sample
throughput is about 1-2 samples/day for GSMS, increases
to 5-10 samples/day for TIMS and further increases to
around 20 samples/day for MC-ICP-MS [40].

The COMPUCEA technique, developed at the Institute for
Transuranium Elements (ITU), is a transportable analytical
system for on-site uranium concentration and enrichments
assays [9]. Its application specifically for UF, enrichment
assay is still under development by the IAEA [6], although
its use on LEU-oxide samples is considered routine. In
fact, IAEA has published an ITV for COMPUCEA - 0.4%
u(r) and 0.2% u(s) for 2*U enrichment in LEU oxides [31].
ITVs for other enrichment levels (i.e., DU, NU and HEU ox-
ides) are not published [31].

The COMPUCEA technique is based on energy-dispersive
X-ray absorption edge spectrometry and gamma-ray
spectrometry. Before presented to X-ray and gamma-ray
measurements, the solid sample needs to undergo some
laborious preparation steps. Briefly, the solid sample is
quantitatively transformed into a uranyl nitrate solution,
which involves sample digestion in 8 M nitric acid and

subsequent dilution to 3 M acidity with a target U concen-
tration about 190 g/L [5]. The solution is first characterized
for its density and temperature [5]. During the process,
standard laboratory tools (e.g., portable density meter,
glass-ware, chemicals, hot plate, weighing balance) and
operators’ facilities (e.g., fume hood) are used [5].

The solution sample is then measured by X-ray and gam-
ma-ray spectroscopy. Typically, for an LEU sample, three
replicates of each measurement type are performed; ac-
quisition of each X-ray and gamma-ray spectrum takes
about 1000 s and 2000 s, respectively [5]. For a natural U
sample, the time is increased to 5000 s for each gamma-
ray counting [41]. Data treatment is not very straightfor-
ward because the two measurements are interdependent.
Specifically, the X-ray measurement needs the knowledge
of the enrichment to accurately convert the measured ura-
nium concentration into mass fraction, whereas the gam-
ma measurement needs the uranium concentration as in-
put to correct for self-attenuation effect [41]. Therefore,
data evaluation is made in an iterative manner. Further-
more, the sample parameters (including solution density,
sample volume, and bottom thickness of sample contain-
er) need to be taken in account [4]. Software has been de-
veloped for automatic data acquisition and analysis for the
in-field COMPUCEA measurement system [5].

The analytical performance is impressive for an on-site
measurement. For LEU samples, the achievable combined
uncertainty (u(r) and u(s)) is typically around 0.25% relative
[4, 5] (published ITV for combined uncertainty is 0.45%
[31]). According to a recent IAEA report [6], the adaptation
of the chemical preparation steps for COMPUCEA deter-
mination of UF, enrichment is currently being studied by
IAEA and with the European Commission. As chemical
transformation of UF, to uranyl nitrate solution is compara-
tively simple compared with its oxide counterpart, it is an-
ticipated that the COMPUCEA method will be available for
on-site UF, enrichment assay in the very near future. The
drawback of the method is the relatively long counting
time, especially for natural (3 x 5000 s) and depleted urani-
um, and its labor intensive sample preparation process.

3.3 Emerging mass-spectrometric techniques

3.3.1 Liquid sampling-atmospheric pressure glow
discharge mass spectrometry

Liquid sampling-atmospheric pressure glow discharge
mass spectrometry (LS-APGD-MS), under joint develop-
ment from Clemson University and Pacific Northwest Na-
tional Laboratory (PNNL) [15-18], is the most well charac-
terized emerging mass-spectrometric technique,
especially for the determination of uranium isotopic ratio.
Figure 2 shows a schematic diagram of the LS-APGD-MS
setup. The glow discharge is a microplasma (volume
~ 1 mm3) formed by imposing a low direct-current poten-
tial (typically several hundred volts) between the surface of
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Figure 2: Schematic diagram of LS-APGD-MS. Adapted with permission from reference [2], published by Pacific Northwest National

Laboratory, US Department of Energy.

an electrolyte solution (e.g., 2% nitric acid) and a metallic
counter electrode [42, 43]. The supporting electrolyte solu-
tion flows at atmospheric pressure out of a small
(~ 100 um) glass capillary housed within a slightly larger
metal capillary, between which cooling gas is passed [43].
The normal operating parameters include liquid electrolyte
flow rates of 5-100 uL/min, cooling gas (typically helium or
argon) flow rate of < 1 L/min, and power consumption of
<40 W [16].

Currently, the researchers coupled this LS-APGD ioniza-
tion source to a high-resolution mass spectrometer (the
Orbitrap). Hoegg et al. [15, 16] recently discussed various
aspects of the LS-APGD and Orbitrap combination for
uranium isotopic analyses, including optimization of vari-
ous operating parameters (both for the discharge and the
Orbitrap), preliminary analytical figures of merit, and
known limitations. U-containing sample was introduced in
a solution form and mixed with the supporting electrolyte.
The researchers reported that the dominant U-species in
the mass spectra was UO,*, and little U* or UO* were
detected [15].

Based on published results [16, 18], the reported analytical
precision is encouraging, and is, so far, the best in all the
emerging techniques reviewed. In a recent published work
[18], which the effort was primarily focused on factors af-
fecting the precision of isotope ratio measurements, re-
ported precisions (in terms of RSD of measured 2*5U/2%8U
ratios from 1 ug/mL natural-U solutions, before correction
of scaling factor) were in the range of 0.05% to 0.13% and
met the ITV target for precision (i.e., 0.2% RSD for 25U at
natural abundance).

At present, the researchers evaluated the analytical accura-
cy through a correction scaling factor [15, 18]. In their latest
report [18], the researchers determined this scaling factor
through a certified reference material of natural U, and
measured the 2%°U/2%U ratios of three unknown natural-U
samples. However, it has been stated that this correction

scaling factor depends on the 22°U/?%8U ratio, as well as a
change every time that the system is restarted [18]. At this
point, it would be difficult to estimate or project the accura-
cy of the LS-APGD-MS technique in the field for a sample
with unknown 2%U abundance.

Although the LS-APGD, in its present form, would not di-
rectly accept gaseous UF, for analysis, a two-step reaction
to transform UF, to a uranium solution is well established
and regarded as a somewhat standard procedure [8]. The
two-step reaction involves hydrolysis of UF, to UO,F,
(UF, + 2 H,0 — UQ,F, + 4 HF), followed by conversion to
nitrate salt with nitric acid (UO,F, + 2 HNO, —
UO,(NO,), + 2 HF).

One potential drawback of the LS-APGD-MS technique for
UF, enrichment assay is memory effect, which has been
documented in several reports [2, 16, 44]. The cause(s) for
the memory effect is not well characterized, but it was
suggested that material deposited on the capillary coun-
ter-electrode and/or the mass spectrometer capillary inter-
face could be the source [2, 44].

3.3.2 Atmospheric-pressure solution-cathode glow-
discharge mass spectrometry

Atmospheric-pressure solution-cathode glow-discharge
mass spectrometry (AP-SCGD-MS), currently under devel-
opment jointly at Rensselaer Polytechnic Institute and Indi-
ana University [19], is identical in scientific principle to the
LS-APGD-MS reviewed in the last section but different in
design for the generation of the microplasma discharge (cf.
Figure 3). The AP-SCGD is a direct-current plasma sus-
tained directly on the surface of a flowing liquid electrode
(typically at a rate of 1-2 mL/min), supported in ambient air
without the need for a cooling gas or other gas flows [19].
Power of AP-SCGD is ~ 70 W (normally < 100 W) [45], and
is generally slightly higher than that of the LS-APGD. A dis-
tinct difference between AP-SCGD and LS-APGD is that
AP-SCGD sustains on a flowing liquid cathode, with the
liquid in excess, whereas LS-APGD operates in a total
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consumption mode in which all the electrolyte solution is
consumed [15]. An advantage of the total consumption in
LS-APGD is that no chemical waste solution is generated.
Although the excessive flow of electrolyte generates
chemical waste for AP-SCGD, the continuously
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Figure 3: Schematic diagram of AP-SCGD cell utilized for mass spectrometry. Adapted with permission from reference [46], published by
The Royal Society of Chemistry. Original figure is published under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Although not yet characterized for its performance on iso-
topic analysis, the AP-SCGD demonstrated a notably bet-
ter detection limit than the LS-APGD as an ionization
source for atomic mass spectrometry [19]. The latest work
on AP-SCGD [19], reported the analytical performance of
this source coupled to an Orbitrap mass spectrometer for
atomic and molecular mass spectrometry. Specific for ura-
nium solution samples, the reported detection limit in AP-
SCGD was 0.8 ng/mL (parts per billion, ppb) with UO,* as
the measuring ion [19]. As detection limit is related directly
to sensitivity and/or background noise, a better (lower) de-
tection limit for the AP-SCGD implies that it offers higher
sensitivity and/or lower background noise. As both factors
are important for isotopic ratio measurements, the AP-SC-
GD should be considered as a candidate emerging tech-
nology meriting further evaluation of its full potential for
uranium isotopic assay.

3.3.3 Is Orbitrap suitable as field-deployable mass
spectrometer?

In the two emerging mass-spectrometric techniques cov-
ered above, both research teams employed Orbitrap
mass spectrometer. Given the impressive isotopic-ratio
precisions and detection limits achievable by the two
techniques, one might think that the problem of looking
for the next generation of field-deployable instrument for
UF, enrichment assay is solved. Unfortunately, the cur-
rent technology of the Orbitrap mass spectrometer
makes it inappropriate to serve as a field-deployable in-
strument [2]. A comment from the LS-APGD-MS

research team [2] is that "Although a conveniently avail-
able instrument for this work (the LS-APGD-MS), it (the
Orbitrap) is not one that would be appropriate for the
type of in-field work envisioned by the potential user.” To
elaborate, although the Orbitrap is a benchtop instru-
ment, it is rather large and heavy (490 pounds [47]). Also,
the requirement for environmental conditions for the Orbi-
trap mass spectrometer is quite demanding. For in-
stance, according to the pre-installation manual of the
Orbitrap [47], the optimum operation temperature is be-
tween 18°C to 21°C and temperature fluctuations of 1°C
or more over a 10 minute period can affect performance.
There are also rather strict requirements for humidity and
vibration controls [47].

It should also be noted that the high resolution offered by
the Orbitrap likely contributes to the impressive analytical
figures of merit reported for the LS-APGD-MS, as it is doc-
umented that several low-intensity, non-uranium ions re-
main after collision-induced dissociation (CID, a process to
dissociate and reduce background ions in the mass spec-
trometer) and require the high-resolution capability of the
Orbitrap to resolve them [17]. If the Orbitrap is replaced by
a more fieldable (and very likely lower resolution) mass
spectrometer, it is currently unknown how such replace-
ment would affect the analytical accuracy and precision.
Clearly, there is a need to couple, characterize and evalu-
ate the LS-APGD and AP-SCGD (and possibly other simi-
lar glow-discharge variants) to a mass spectrometer that is
more field-deployable and preferably capable of perform-
ing truly simultaneous measurements.
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3.4 Emerging optical-spectrometric techniques
3.4.1 Laser ablation absorbance ratio spectrometry

Laser ablation absorbance ratio spectrometry (LAARS),
developed at PNNL, is an all-optical technique for urani-
um isotopic assay. Its working principle is based on the
isotopic shifts in atomic transitions between 23U and 2*¢U
atoms, and employs atomic absorption as the measure-
ment means. The technique employs three lasers at a
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minimum — one for ablation sampling and two for simulta-
neous measurements of the relative abundances of 225U
and 28U [25], as depicted in Figure 4. Laser ablation cre-
ates free uranium atoms from a solid sample, and these
atoms are then probed by diode laser through atomic ab-
sorption. Measurements are conducted in a reduced-
pressure environment to reduce spectral-line broadening.
The current LAARS setup employs four lasers for better
wavelength stability.
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Figure 4: Schematic diagram of LAARS. Adapted with permission from reference [25], published by Los Alamos National Laboratory,

US Department of Energy.

The Niemax research group in 2002 [48] is probably the
first to report measurements of uranium isotope ratios in
solid samples through combination of laser-ablation sam-
pling and diode-laser atomic absorption (before the tech-
nique was coined as LAARS). With a two-diode-lasers ap-
proach, which allows simultaneous measurements of the
two U isotopes, Liu et al. [48] reported a measurement
precision of 1.1% RSD for a pure uranium-oxide sample
with 25U at natural abundance [48]. Reported accuracy for
the 23°U/2%8U ratio was within 5% (relative) for a uranium
mineral sample (i.e., an impure sample) at natural isotopic
abundance. In this predecessor to LAARS, the two diode
lasers need to be tightly aligned with each other so that
the two laser beams are probing identical volumes of the
laser plume generated by the ablation laser. The absorp-
tion of the two beams is directly related to the number
density of 25U and 238U atoms along their optical path,

which directly translates to 2%°U/?%U ratio of the sample if
an identical plasma volume is probed. Because the num-
ber densities of atoms inside laser induced plasma are
spatially dependent, a slight misalignment of the two
measurement beams (which then probe different volumes
of the plasma) could lead to analytical bias on the meas-
ured 22°U/2%€U ratios.

The initial LAARS setup [25, 26] was somewhat similar to
that reported by Liu et al. [48]. The LAARS system was
evolved in the last few years and several sophisticated ad-
vancements are in place in the current version [49]. For in-
stance, the two probe laser beams are directed into a sin-
gle-mode optical fiber, in which the two beams overlap
and are directed to the laser plume with a single achro-
matic focusing lens. This single optical fiber approach
largely reduces the difficulty of optical alignment and war-
rants that identical laser-plume volumes are probed by the
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two lasers. Wavelength stability of the 2°°U probe beam
was also improved through Zeeman splitting method and
offset locking [49], although at the expenses of an addi-
tional diode laser.

Specific for UF, enrichment assay, LAARS employs a tai-
lored solid thin-film sorbent to convert gaseous UF, to ura-
nyl fluoride through a hydrolysis reaction [49]. Data from a
presentation dated October 2014 [49] showed that accura-
cy and precision can achieve 0.1% in 23U enrichment lev-
els for natural U and LEU. Specifically, for three UF, sam-
ples with 2°U abundances at 0.725%, 3.982% and 5.119%,
the reported relative bias with frequency-locked probe la-
sers were 10%, 0.8% and 0.3%, respectively [49]. Report-
ed relative precisions for these three UF, samples were
8.3%, 1.5% and 1.5%, respectively [49]. The latest result
[50, 51] demonstrated significant improvements in both ac-
curacy and precision, especially for natural-U samples. For
a sample with 23U abundance at 5.119%, the relative bias
and precision were about 0.1% and 0.6%, respectively. For
a natural-U sample, the relative bias and precision were
about 0.3% and 0.5%, respectively. Because the ITVs for
relative random and systematic uncertainties [i.e., u(r) and
u(s)] are both 0.1% for LEU and 0.2% for natural-U samples
[31], the precision of LAARS is currently within 3x to 6x
from the target as a replacement for laboratory-based
mass spectrometry. Accuracies are close (within a factor
of 2) to the target.

Measurement time for LAARS is fast and is typically
around 10 minutes [25]. The overhead for sample prepara-
tion is also minimal; the reaction time for the conversion of
gaseous UF, onto the solid thin-film sorbent is several min-
utes [25]. Because wavelength selectivity for the two iso-
topes comes from the narrow-bandwidth diode laser, a
small optical spectrometer/grating is sufficient to separate

the two signals [in this case, different atomic transitions
(i.e., wavelengths) can be used for 2*U and 228U], which
further reduces the footprint of the instrument.

3.4.2 Laser induced spectrochemical assay for uranium
enrichment

Laser induced spectrochemical assay for uranium enrich-
ment (LISA-UE) is in a very early stage of development
(starting October 2016), and is a joint effort between Law-
rence Berkeley National Laboratory (LBNL) and Oak Ridge
National Laboratory (ORNL). It is an all-optical technique
for uranium isotopic assay and, in fact, is an extension of
the well-known laser induced breakdown spectroscopy
(LIBS) technique to low-pressure gaseous UF, samples.
Like LAARS, its principle is based on the isotopic shifts in
235U and 228U atomic transitions. Instead of utilizing atomic
absorption, LISA-UE employs atomic emission as the
measurement means. It is known that isotopic shifts for
some uranium atomic emission lines can reach tens of pi-
cometers and are large enough to be readily measured
with an optical spectrometer even under ambient pressure
and comparatively high temperature (e.g., 5000 K) [52]. In
fact, atomic emission spectrometry has a long history of
being utilized for uranium isotopic analysis [53, 54]. Re-
cently, Krachler et al. [20, 21] validated isotopic analysis of
2% and 2%U in depleted, natural and enriched uranium
with ICP-atomic emission spectrometry, and further ex-
tended the analysis to other U-isotopes like 233U.

The LISA-UE system is targeted for direct analysis of gas-
eous UF, samples, although a solid sample (e.g., UF, ab-
sorbed on a solid substrate) also can be used. Specifically
for gaseous UF, samples, a small gas chamber with opti-
cal access couples directly to a UF, cylinder/pipeline valve
for sampling (cf. Figure 5). Through the optical port, a
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Figure 5: Schematic diagram of LISA-UE.
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pulsed laser beam is focused into the UF, gas sample and
the laser—gas interaction then creates a transient high tem-
perature plasma excitation source. This high-temperature
plasma is capable of breaking down the chemical bonds in
the sample, converts it into its constituent atoms, and pro-
motes a portion of these atoms into their excited states.
These excited states, through radiative decay, emit pho-
tons that are characteristic of its elemental and isotopic
identities. When this transient plasma starts to cool (typi-
cally after several microseconds), molecules form through
recombination. It has recently been reported that resulting
molecular emissions also carry isotopic information [55].
The technique is potentially applicable to both off-line and
on-line measurements.

There are some marked contrasts between LAARS and
LISA-UE. Only one ablation laser is required in LISA-UE
whereas LAARS needs three/four lasers [25]. Similar to the
LAARS ablation laser, there are no constraints on the LI-
SA-UE laser wavelength, and a laser with nanosecond (or
shorter) pulse width is required in both cases. Plasma
emissions in LISA-UE are collected by single set of light-
collection optics for simultaneous 2*U and 2%U measure-
ment, which also inherently guarantee that an identical
plasma emission volume is probed. Furthermore, one po-
tential advantage of employing emission over laser absorp-
tion is that a large collection of spectral lines (atomic) and
bands (molecular) are emitted from the laser induced plas-
ma, which can be simultaneously measured with a multi-
channel optical spectrometer. As many of these spectral
features carry the isotopic information of the sample, multi-
ple emission-line/band measurement has been shown
through simulations to improve analytical precision [55].

As LISA-UE is in a very early stage of development, its an-
alytical capabilities are not yet known. However, it is antici-
pated that emission measurements on a collection of
spectral features likely offers advantage over single line-
pairs commonly employed in absorption measurements.
For example, it has been shown through computer simula-
tion that the use of a chemometric algorithm from a collec-
tion of spectral features provides several times improve-
ment in the precision of 2*U abundance compared to
those measurements utilizing only a single pair of emission
lines [56]. In simulation, the ultimate precision was about
0.11% in absolute 2%U abundance for multiple line analysis
[56], with signals accumulated from 10 laser pulses. Clear-
ly, further improvement in precision can be achieved
through more signal accumulation (i.e., accumulating sig-
nal from more than 10 laser pulses), although it is also an-
ticipated that computer simulation probably offers the
best-case scenario. The anticipated measurement time is
a few minutes for each UF, sample. Commercial, field-de-
ployable LIBS instruments for direct solid-sample analysis
are readily available. Although these commercial systems
are not specifically designed for gaseous samples, modifi-
cation for handling gaseous samples is feasible. The size,

as well as power requirements, of the components can be
readily fit into a field-deployable instrument. While it is ex-
tremely early in the development cycle, the LISA-UE instru-
mentation set up — with a single laser excitation source
and a single set of light-collection optics —is likely to be the
simplest among all the techniques discussed above, which
is advantageous as an in-field instrument.

4. Outlook

To summarize, a comprehensive and in-depth review was
conducted on state-of-the-art and emerging technologies
for field enrichment analysis of UF,. All techniques were as-
sessed for their potential to serve as an alternative for labo-
ratory-based mass spectrometry. The evaluation was com-
prised of seven criteria, broadly defined: measurement
characteristics and analytical capability, measurement time,
and overall ease of operation and system complexity.

In terms of both analytical performance and sample
throughput, the LS-APGD-MS is currently the best in all
the emerging techniques reviewed, and is already shown
to offer analytical precisions meeting the ITVs of TIMS and
MC-ICP-MS. The AP-SCGD-MS, although currently uti-
lized only for elemental analysis and not yet for isotopic
measurements, already exhibits its pronounced sensitivity
advantage for uranium detection. Unlike the ICP, these
glow-discharge ion sources use microplasmas which allow
operation under low power and low gas flow (if a plasma
gas is ever needed) — and, thus, are highly field deploy-
able. The technical challenge to transform them into the
next generation field-deployable UF, enrichment-assay in-
strument, perhaps, relates to identifying and coupling to a
multi-channel field-deployable mass spectrometer that,
through simultaneous measurement, can maintain the cur-
rent achievable analytical figures of merit.

Some emerging techniques based on optical spectromet-
ric techniques are also promising. LAARS shows its prom-
ise with demonstrated precisions within 3x to 6x and ac-
curacies within a factor of 2 [50, 51] from the target as a
replacement for laboratory-based mass spectrometry for
natural-U and LEU samples. LISA-UE is a new develop-
ment and is based on well-established atomic emissions
(LIBS). All of these emerging technologies show potential
to be the next generation of rapid, field deployable instru-
mentation for UF, enrichment assay.
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