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Abstract

A set of eleven U atomic emission lines, between 421.099 and 421.460 nm, were characterized for direct enrichment assay of
gaseous UF, samples with laser induced breakdown spectroscopy (LIBS). Several iterative, multivariate nonlinear spectral-
fitting algorithms were evaluated for their efficacies to extract the enrichment information from the measured LIBS spectra.
Wavelength-dependent weight factors, which take into consideration of the spectral-line position in the fitting model, the
determined isotopic ratio, and the isotopic shift of the emission line, are essential for the spectral-fitting model to function
adequately. The analytical accuracies and precision were typically within 0.5% in absolute [*°U/(***U + 23¥U)] ratios.

Keywords Uranium hexafluoride - Enrichment assay - Isotopic analysis - Isotopic shift - Laser induced breakdown

spectroscopy

Introduction

Uranium is considered as a dual-use element in the com-
munity of nuclear safeguards and security because it can
be used for peaceful civilian as well as military purposes.
Natural uranium (NU) contains around 0.72-atom% of > U,
99.27-atom% of >3%U, and a trace amount of >>*U in secu-
lar equilibrium with 23U [1]. In almost all nuclear applica-
tions, the abundance of the fissionable **°U is too low in
NU, and thus, 2>°U enrichment is needed. The enrichment
level depends on the specific application and is typically a
few percent for civilian use [2, 3]. Uranium enrichment is
a concern for safeguards. For enrichment, uranium is first
transformed to UFs—the only known volatile compound
of uranium [4]—and enrichment is then performed almost
exclusively by gaseous diffusion or centrifuge process [2,
3]. As the first line of defense against proliferation, accurate
UF, enrichment assays are critical for materials verification,
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accounting and safeguards. In addition, fieldable analysis
is highly desirable because sample shipment to an off-site
laboratory is costly and cumbersome in logistics, and results
are not available without delay after sample collection [5].

Recently, several optical-based analytical techniques
for performing U isotopic analysis in the field have been
reported [6—13]. For example, high-resolution infrared spec-
troscopy [6-9] probes the rotational-vibrational transitions
in gaseous UF, molecules. In this case, enrichment assay is
based on the isotopic shifts between the %> UF4 and ***UFg
vibrational frequencies. The electronic transitions between
235 and 2*8U atoms also exhibit appreciable isotopic shifts
useful for isotopic analysis. For instance, wavelength tun-
able diode lasers, which are capable of delivering narrow
line width and hence high spectral resolution, are used for U
isotopic analysis through atomic absorption [14—16]. Spec-
tral resolution can be further enhanced through the use of
atomic beam laser absorption spectroscopy, as demonstrated
by Castro and co-workers [10, 11]. Through a small aperture
located at the exit of a resistively heated micro-oven [17],
the expansion of the free U atoms is highly directional (i.e.,
atomic beam) and consequently reduces atomic line width
and the likelihood of spectral interference.

Laser induced breakdown spectroscopy (LIBS) is a dem-
onstrated fieldable technique [18, 19] for elemental analy-
sis. The isotopic shifts of some of the U atomic emission
lines are large enough to be at least partially resolved in this

@ Springer

Journal : Large 10967 Article No : 8215 Pages : 13

MS Code : 8215

Dispatch : 2-2-2022 |

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58


http://crossmark.crossref.org/dialog/?doi=10.1007/s10967-022-08215-2&domain=pdf

59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

93

94
95
96
97
98
99

100

101

102

103

104

105

106

107

108

Journal of Radioanalytical and Nuclear Chemistry

plasma emission source operated under atmospheric pressure
[12, 13, 20, 21]. In this context, the term “atoms” collec-
tively refer to neutral atoms or atomic ions. In one of our pre-
vious studies [12], we reported an analytical and multivari-
ate nonlinear spectral processing method for the extraction
of U isotopic information of the sample from the acquired
LIBS spectra in the wavelength range of 424.3—424.5 nm.
Extraction of isotopic information with spectral fitting does
not require the use of isotopically enriched standards for
calibration. The spectral-fitting method was tested with a
set of solid U-bearing glassy disks with **U enrichment
ranging from natural to highly enriched levels (~94%), and
the reported accuracies (biases) were within + 1% and preci-
sions were about 0.2% in the absolute [>*U / (**¥U +238U))]
ratios [12]. In follow-up work [13], the method was tested
directly on gaseous UF, samples. However, systematic posi-
tive biases were found for UF, enrichment assays performed
with the 2U-?38U line pair at 424.412-424.437 nm, an arte-
fact which was confirmed to be caused by self-absorption
of the U atomic emission signal [13]. The incorporation of
a self-absorption correction term into the spectral-fitting
algorithm was found to be inadequate to solve the issue [13].

What we learned from our previous study [13] is that
the best approach to correct for self-absorption is by avoid-
ing it. Therefore, the objective of the present study is to
identify and test a new set of U emission lines that provide
appreciable >*U-?*%U isotopic shifts and do not suffer from
self-absorption for LIBS isotopic analysis in gaseous UF
samples. Because LIBS is a fieldable technique requiring no
sample preparation, the developed method for direct gaseous
UF, enrichment assay through calibration solely with theo-
retical spectral fitting considerably shortens the response
time (on-site analysis, with measurement within minutes)
of a UF safeguards inspection.

Experimental

With the exception of the optical spectrometer as noted
below, the experimental hardware was identical to that
previously described [13]. In our previous works [12, 13],
a Czerny-Turner grating spectrometer of a focal length of
1.25 m (Horiba Jobin—Yvon 1250 M, Longjumeau, France)
was used. Although this spectrometer provides adequate
spectral resolution, its physical size (135 x45x37 cm?) and
weight (97 kg) limit its use in the field. For field analysis,
the optical spectrometer needs to be of transportable size.
As such, a spectrometer with a smaller footprint (DEMON,
LTB Lasertechnik Berlin GmbH, Berlin, Germany) was
used in the present study. The DEMON spectrometer is of
fieldable size (60x 31 %23 cm?) and weight (25 kg). In fact,
we placed our DEMON spectrometer on a transportable
cart in our laboratory. Albeit only marginally, the DEMON
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spectrometer offers better spectral resolution than that of
the Horiba Jobin—Yvon 1250 M and is adequate for optical
isotopic analysis of uranium.

The DEMON is labeled as a Double Echelle Monochro-
mator. Different from the more common Echelle-grating
configuration in which the image focal plane is cross dis-
persed into wavelength and diffraction orders [22-24] (i.e.,
covering a wide range of wavelengths, often the whole
UV-visible), the DEMON uses a prism as a predisperser
to first select a small wavelength range to be further dis-
persed by the Echelle grating. In other words, there is no
multiple spectral order overlap in the spectral image after
grating dispersion. As such, no cross dispersion after the
Echelle grating is needed and an entrance aperture in the
form of a slit can be used. This optical arrangement sig-
nificantly increases light throughput compared to the more
common Echelle configuration in which cross dispersion
after the grating is needed, because any order sorting after
the grating mandates the entrance aperture to be in the form
of a small circular or square pinhole, which severely limits
the light throughput. Nevertheless, the light throughput of
the DEMON spectrometer is less than that of the Horiba
Jobin—Yvon 1250 M. Therefore, comparison of LIBS sig-
nals reported in the present study with those reported previ-
ously [12, 13] need to take into account the light-throughput
difference.

For characterization of uranium emission spectra and
determination of isotopic shifts, two solid U-glassy sam-
ples with natural (i.e., 0.72 atom-%) and highly enriched
(~94 atom-%) **U were measured. These U-glassy sam-
ples were prepared through thermal fusion of U504 and
lithium tetraborate at the Y-12 National Security Complex
as described in our previous study [12]. The uranium content
was approximately 30% by weight [12]. LIBS measurements
on U-glassy samples were performed with laser pulse energy
of 80 mJ under air at atmospheric pressure. The detector
gate delay and width were 8 ps and 25 ps, respectively. A
uranium hollow cathode lamp (Glass Expansion, Port Mel-
bourne, Australia) operated under a constant current of
7 mA was used for cross checking of spectral identification.

The UFg samples under LIBS measurement are in gase-
ous form. The UF, vapor pressure inside the chamber is indi-
rectly but efficiently varied through the temperature setting
of a thermoelectric cooler located underneath the sample
chamber. In this work, the UF, gas pressure was kept at
15 torr, which corresponded to a temperature of about —2 °C
[25]. All chambers contain UF, only, without any buffer gas.
The chambers are designed to be gas-tight, chemically com-
patible with UF, and capable to withstand long-duration
laser exposure. The detail on the cell design, results of its
testing for basic performance, and compatibilities for laser
and UF, are documented in a separate publication [26].
Unless noted otherwise, the laser pulse energy was 40 mJ.

| Journal : Large 10967 Article No : 8215 Pages : 13

MS Code : 8215

Dispatch : 2-2-2022

109
110
111
12
113
114
115
116
17
118
19
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161



162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

191

192
193

194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210

Journal of Radioanalytical and Nuclear Chemistry

Detector gate delay and integrated exposure time for each
measurement will be noted in the pertaining discussions. In
this paper, all enrichment levels are expressed as atom per-
cent of 23U / (3U + 2*%0). In addition to the two UF, sam-
ples which contain 0.720% and 4.675% U as described in
our previous study [13], a third sample containing 9.157%
235U (validated with a multi-collector inductively coupled
plasma mass spectrometer at Oak Ridge National Labora-
tory) also was used in this work.

A nanosecond (~5 ns pulse duration, full width at half
maximum) Nd:YAG laser operated at its fundamental wave-
length at 1064 nm with a repetition rate at 10 Hz was used to
generate the LIBS plasma. Plasma emission was collected
with a fused-silica lens, sent through an optical fiber, and
directed to the DEMON spectrometer equipped with an
ICCD detector comprising 1024 x 1024 pixels (DH334T-
18F-03, Andor, Belfast, Northern Ireland). The spectrometer
was set to a center wavelength of 421.39 nm. The efficiency
of an Echelle grating is known to be a strong function of
the angle from the grating normal [27], and the spectral
response varies greatly [23, 24, 27] even for a small wave-
length range within the same grating order. As such, even
though the span of the spectral window used in the present
study is less than 0.4 nm, spectral-response calibration was
necessary and was performed with a NIST traceable UV/
VIS deuterium-halogen light source (AvalLight-DH-CAL,
Avantes, Broomfield, CO, USA). All presented spectra were
corrected for spectral response of the Echelle grating and
dark counts of the ICCD detector.

Results and discussion

Spectral window selection and line identification
for U enrichment assay

As experimentally shown in our previous study [13], LIBS
emission in gaseous UF, in the vicinity of 424.4 nm—a
wavelength region conventionally and commonly used for
optical isotopic analysis of uranium [28-31]—suffers from
self-absorption, which consequently leads to a positive bias
in the determined **°U assay. Self-absorption is common in
LIBS measurements [32-35]. Although different approaches
have been reported for compensation of self-absorption,
there are multiple sources of uncertainty associated with
self-absorption evaluation, in particular for an inhomogene-
ous plasma [32-35] as in our measurements. Many reported
self-absorption compensation methods are good with accu-
racy only around 10% to 20% [32-34]. In our case, because
accurate and precise analytical results better than a few
percent are needed for U enrichment assay [36], it is not
practical to further investigate and develop a self-absorption
compensation subroutine into the spectral-fitting algorithm

[13]. Instead, a better approach to handle the self-absorption
limitation is by avoiding it.

The 23U 1I 424.437 nm and its >*U counterpart at
424.412 nm are resonance emission lines [37, 38]. In gen-
eral, resonance lines suffer from self-absorption more than
non-resonance ones. Therefore, the use of non-resonance
lines could be a straightforward and viable solution to miti-
gate the self-absorption limitation. As such, a search for a
new spectral window with the following three criteria (in
the order of their importance) was conducted. First, no
resonance emission lines should be used. Second, the new
window should contain multiple, strong U emission lines,
in which many, if not all, should possess noticeable isotope
shifts. Multiple strong lines avoid the situation in which the
isotopic analysis depends primarily on only one line pair.
Third, spectral features should be reasonably pure, ideally
with no overlapping spectral structure.

Under the right experimental conditions, viz. low UF¢
vapor pressure and low laser pulse energy, the LIBS spectral
features from gaseous UF, and those from solid U samples
are similar [13]. Therefore, it is convenient to use the two
atlases published by the Japan Atomic Energy Agency [39,
40] on uranium LIBS spectra for a survey of spectral-win-
dow candidates. Several spectral windows with strong and
not heavily overlapping U LIBS emission lines were first
shortlisted. To down select the candidates, the likelihood
of spectral overlap and the lower energy level of the opti-
cal transition (i.e., the non-resonance line criterion) were
then checked against the high-resolution Fourier transform
uranium atlas and spectroscopic database published by the
Los Alamos National Laboratory [37]. In the final step of
the selection, the isotope shift (IS) of the spectral line con-
tained in each spectral-window candidate was evaluated with
reference to the experimental IS-database published by the
United Kingdom Atomic Energy Authority [41]. The out-
come of this exercise points to a spectral window centered
around 421.3 nm to be a good candidate fulfilling the afore-
mentioned three criteria for U isotopic analysis.

Unlike the classical spectral line pair at
424.412-424.437 nm, of which several high-resolution spec-
tra in its wavelength vicinity have been published [28-30], U
isotopic analysis with the spectral window at~421.3 nm is
unexplored. Therefore, a spectral database needs to be built.
First, U emission lines need to be identified. For unambigu-
ous U line identification, three spectra, viz. emission from a
U hollow cathode lamp, and LIBS from solid U-glassy sam-
ple and gaseous UF, were used (Fig. 1a). Because elements
other than U are present in these emission sources (e.g., fluo-
rine in UFg, lithium and boron from lithium borate glass, and
neon from the hollow cathode lamp), only those emission
lines that are present in all three spectra can be assigned with
confidence to be U lines. With the aid from various spectral
atlases [37, 38, 41], a total of fourteen U emission lines were
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Fig. 1 a Identification of 2*®U emission lines from normalized spectra
of three sources: LIBS spectra of a solid U-glassy sample and gase-
ous UF, (with 235U at natural abundance), and emission from a ura-
nium hollow cathode lamp (***U abundance unknown, but likely of
natural or depleted). b Identification of 2**U emission lines and iso-
topic shifts from LIBS spectra of two solid U-glassy samples with
25U at 0.72% and ~94% (HEU, high enriched uranium). The y-axis is
plotted in logarithmic scale to show the weaker peaks. Intensities are
normalized to their respective individual baselines (outside the dis-
played spectral window). The wavelength positions of the identified
spectral peaks for 2°U and 2**U (see Table 1 for the list) are marked
with vertical lines

identified (see Table 1 for assigned wavelength). The identi-
fied lines are labeled with two different designations: three in
alphabet and eleven in numeric. The three alphabet-labeled
lines were found to be not suitable for isotopic analysis;
isotopic shift of line a is practically zero whereas the >*U
component of lines b and ¢ are practically identical (i.e.,
direct overlapping). The presence of more than one line with
practically identical wavelengths (i.e., direct spectral overlap
or line pair with IS = 0) potentially induces redundancy
in multivariate nonlinear fitting. As such, only the eleven
emission lines labeled with numeric designations are used
for U enrichment assay in the multivariate nonlinear spectral
model to be discussed in the subsection after next.

Figure 1b shows the normalized LIBS spectra of two solid
U-glassy samples, one of which contains **°U at natural
abundance and another at a highly enriched level at~94%.
The highly enriched sample highlights the isotopic shift
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(Table 1). Wavelength assignment was performed with a
similar procedure as previously described [12]. Although not
common, slight adjustments on >*8U wavelengths from those
values listed in the atlases [37, 38, 41] were needed. For an
initial assignment of isotopic shift, the IS tables from Rich-
ards and Crew [41] and Smith [42] were used if a particular
line can be found therein; otherwise, calculations based on
shifts in energy levels as documented in Blaise ef al [43, 44].
were used. In all cases, the isotopic shifts were then adjusted
with reference to the experimental spectrum of the HEU
sample presented in Fig. 1b.

In terms of signal-to-background ratios, the U spec-
tral lines in the spectral window centered at 421.3 nm are
comparable to the classical line for U isotopic analysis at
424.437 nm. Figure 2 shows the measured spectra from
421.10 nm to 421.46 nm of two gaseous UF, samples with
25U at 0.720% (i.e., NU) and 4.675% (i.e., low enriched
uranium, LEU). The 233U-238U isotopic shifts are distinctly
identifiable between the LEU and the NU samples (see
Peaks #8 and #10 in Fig. 2, for example). The spectra are
normalized to their individual baselines with an assigned
value of 1. The peak intensities of multiple, strong U lines
are in the range of 3 to 5 under this normalized scale, which
means that the signal-to-background ratios are between 2
and 4. Under identical conditions of 15 torr UFg and 40 mJ
laser pulse energy, the reported signal-to-background ratio
of the U 424.437 nm line was ~3.5 [13].

Evaluation of self-absorption of U lines
in the spectral window centered at 421.3 nm

Before further discussion on the development of our spec-
tral-fitting algorithm for this new spectral window centered
at 421.3 nm, it is crucial to assess any extent of self-absorp-
tion of U lines in this window. After all, theory predicts
that the use of non-resonance emission lines only reduces
the likelihood, but does not guarantee the absence of self-
absorption [35, 45]. In our previous work [13] using the clas-
sic spectral window centered at 424.4 nm, a large positive
bias was observed in the determined 2**U abundance for a
LEU sample (with reference 235U content at 4.675%), and
the bias increased monotonically with laser pulse energy
(see Fig. 3). Through confirmation with an independent
experiment previously reported [13], the increasing bias of
the determined 23U content with applied laser pulse energy
is a result of self-absorption. In brief, self-absorption is pro-
portional to the number densities of the absorbing species
(the 23U and ?*8U free atoms or atomic ions in this spe-
cific case) and higher laser pulse energy creates more ura-
nium atoms and atomic ions. For a UF; sample with~4.7%
enrichment, the number density of 238U is roughly 20 x that
of 2°U. Accordingly, self-absorption for 28U is more severe
than that for 2°U, and hence, 2>3U emission is absorbed to
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Table 1 List of 2*>U and 233U emission lines, their associated weighting factor (c), and isotopic shift (IS=4",;5 — 4*,35) for spectral fitting

Line number,i o Line Assignrnent* [38] (Lower — Upper, Remarks (}\0238 and IS are listed in units of

with energy levels given in unit of cm™) nm and pm, respectively)

Mg (m) A5 ; (nm) IS (pm)

a —  421.0438  421.0442 04 UL’y 5—"Ass A=421.0440 [37], 421.045 [41]
(1,749.12-25,492.92) IS=+1[41],+ 1.1 [44]
b - 421.0567 421.0502 —65 UI°K,-°A, A=421.0568 [37]
(7,326.12-31,069.20) 1S=-6.0[43]
c - 421.0574 421.0798 224  Unknown A=421.058 [41]
IS=+13[41]
1 k4211302 4211122 —18.0 UM *T55-Aqs A=421.130 [41]
(4,420.87-28,159.82) IS=-16[41]
2 1/k 421.1599  421.1607 08 UI"M's-"A4 A=421.1594 [37], 421.160 [41]
(6,249.03-29,986.32) IS=+1[41],+ 1.2 [43]
3 1 4211669  421.1748 79 UN®Ms—"Ass A=421.1658 [37], 421.166 [41], 421.16
(4,585.43-28,322.36) [42]
IS=+10 [41],+7 [42]
4 I/k 4212091  421.2061 30 UI%s-°A";; A=421.209 [41]
(11,389.47-35,124.03) IS=0[41]
5 1/k 4212245 4212211 34 UI'My-°Ay A=421.2247 [37]
(10,347.34-34,080.96) IS=—4.5 [43]
6 k4212259 4212078 -18.1 U *s55-*Kss A=421.226 [41], 421.23 [42]
(4,420.87-28,154.45) IS=-16 [41], —18 [42], —17.4 [44]
7 I/k 4213693  421.3693 00 UI*K',5-As A=421.370 [41]
(13,015.84-36,741.20) IS=0 [41]
8 k 4213868 4213699 -169 UI’Ly-Ny, A=421.3864 [37], 421.387 [41], 421.39
(11,308.15-35,032.66) [42]
IS=-17 [41], -20 [42], -16.9 [43]
9 1 421.4136  421.4067 6.9 UI’H'5-A, A=421.4134 [38]
(10,255.00-33,977.98) IS=—4.1[43]
10 k 4214280 4214176 104 UITs-CA; A=421.4275 [37], 421.428 [41]
(5,762.08-29,484.19) IS=-9 [41],-5.0 [43]
11 I/k 421.4409 4214365 44 UN'Ls-"Ass A=421.4411 [37], 421.441 [41]

(289.04-24,010.47)

IS=—4 [41], —4.3 [44]

“Line with unknown spin multiplicity or total orbital quantum number (L) are listed as 0 and A, respectively, in its spectroscopic term symbol

—0.720% U-235

5 o m  Spectral window centered at 421.4 nm
——4.675% U235 2 10 ,’ ® Spectral window centered at 424.4 nm s
- L
5 5
& 5 8 .
S (@]
w3 w7 E
9 &
9] I
N S 64
© 24 o i
£ R I R [ PR I
(<] = . % U
£ Ref: 4.675% U-235
BT Rt ¥ g 4
NS ) Z 3]
BIRHIRE il
O T - - T e T - T S 2 T T T T T
421.1 421.2 421.3 421.4 20 30 40 50 60

Wavelength /nm

Fig.2 Measured LIBS emission spectra from two UF, samples (with
0.720% and 4.675% ***U), showing the appreciable isotopic peaks
from 235U. Spectra were taken with UF at a pressure of 15 torr and
with laser pulse energy of 40 ml. The wavelength positions of the
identified spectral peaks for 2**U and 2*®U (see Table 1 for the list)
are marked with vertical lines

Laser Pulse Energy / mJ

Fig. 3 Determined 2*3U content of a LEU UF, sample (***U reference
value =4.675%) with the optimized, nonlinear spectral-fitting algo-
rithm as a function of laser pulse energy for two spectral windows
— the classic one centered at 424.4 nm (data from our previous study
[13]) and the new one from the present study centered at 421.4 nm. In
all cases, the UF; pressure was 15 torr. The error bar represents the
standard deviation of three replicate measurements, each with signal
accumulation from 1200 laser pulses
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a greater extent. Because of the more attenuated >**U coun-
terpart, the 2°U peak on a relative scale appears stronger
than it should be, which then leads to a positive bias in the
determined 2*°U content.

To assess self-absorption in this new spectral window,
an enrichment assay of the same LEU UF4 sample was
studied as a function of laser pulse energy. A multivariate
nonlinear spectral fitting, to be discussed in detail in the
next section, was applied to the measured spectra to deter-
mine the *>U content. As shown in Fig. 3, except for the
highest studied laser pulse energy of 60 mJ, the determined
[>%U / (33U +2*80)] ratios appear flat and agree with the
reference value within experimental uncertainties, an obser-
vation indicating the absence of appreciable self-absorption
for U emission lines in this new spectral window.

Development of spectral-fitting algorithm

Similar to our previous work [12, 13], extraction of U iso-
topic information from the measured spectra is through
multivariate nonlinear spectral fitting, which is theoretical
in basis and does not require calibration with isotopically
enriched standards. In addition to setting up a new spectral
database (see Table 1), further development of the fitting
algorithm is needed because many weak, not readily iden-
tifiable spectral peaks are present in the spectral window
(see Fig. 1b). Furthermore, each spectral line pair should not
(and does not) contribute the same weight to the enrichment
assay. More details on these two points and a proposed solu-
tion will be discussed in detail in subsequent sub-sections.
The development of the fitting algorithm is guided by
the root mean square error (RMSE) of a set of UF, sam-
ples comprising three enrichment levels — 0.720%, 4.675%
and 9.157%. A set of twelve spectra, each with accumulated

(1 - R)H,w?

when a modeling function follows too closely to the train-
ing data set, including the specific noise therein [46, 47].
Consequently, overfitting gives very low error in the training
data set, but the results are not generalizable to fit additional
unseen data. As such, the best practice to avoid overfitting
is to verify the model with an independent data set (typi-
cally referred to as testing or verification data set) [46, 47].
Furthermore, because slight drifts in day-to-day operation or
different measurements are possible, we acquired a separate
set of spectra for validation with an intentional shift of the
detector delay time by 0.1 ps to mimic the effect of slight
drift in the operation and to make sure that the training and
validation data sets are not identical. For ease of discussion,
the spectra set which forms the basis for the determination
of the empirical parameter k in the fitting model (i.e., the
training data) is referred to as Data Set A, whereas those
taken for verification with a 0.1-ps shift in delay time (i.e.,
the validation data) is referred to as Data Set B.
The root mean square error (RMSE) is defined as

" 2
RMSE = \/Zkzl (Rdet,k - Rref,k)
n

where R, and R, are, respectively, the determined
and reference U isotopic ratios of the k™ sample, and 7 is
the total number of samples. From its definition, the RMSE
reflects both the accuracy and precision of a method if rep-
licated measurements of a sample are presented individually
to the calculation of RMSE. Because analytical accuracy is
of prime importance in the development of fitting algorithm,
the twelve collected spectra from each sample were averaged
before spectral fitting.

In this work, all algorithms are of multiple line-pair spec-
tral fitting as previously described [12] and takes the general
form (Eq. 2):

ey

(@)

RH;w*
Ieth(ﬂ) — Z lw +

2 2
vi [4(/1 —a, - ”2’35,,) + wZ] [4(/1 — - /1;3&1.) + wZ]

+ o+ £(A)

LIBS emission from 3000 laser pulses at 10 Hz (i.e., 5 min)
was measured for each UF; sample. As will be discussed,
because one parameter in the fitting model (k in Table 1,
which is a weighting factor based on the relative magnitude
of isotopic shift and will be discussed in detail in subsequent
discussion) was optimized through an empirical approach,
it is important to verify that the optimized value of this
parameter is generally applicable to other spectra taken
under similar conditions. To elaborate, overfitting occurs

@ Springer

The first and second terms inside the summation bracket
represent the spectral profiles from 2*°> and 2*®U, respec-
tively. I“P'(4) is the experimental spectrum; A and A, are
respectively the measured wavelength and a correction fac-
tor for wavelength shifts between wavelength calibration
and measurement; A° denotes the center wavelength of the
atomic emission line; H is the spectral-peak height; w is the
linewidth, which is assumed to be identical for all emission
lines; ¢, represents the plasma continuum background, which
is assumed to be a constant in this small wavelength range;
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R is the [*¥U / (3°U + 238U)] ratio; and &(4) is the fitting
residual. In this work, eleven spectral lines are fitted to the
measured spectrum, and variables denoted with a subscript
i refer to spectral-line specific parameters (see Table 1). The
fitting algorithm utilizes the Levenberg—Marquardt method
to locate the optimal combination of the variables for the
minimization of the sum of the residual square (5%). As will
be discussed in subsequent sub-sections, for some tested fit-
ting algorithms, wavelength-dependent weighting factors,
wt(4), are applied to different data points in the acquired
spectrum. S° takes the general form:

§* = Y, wi(d) x [e(D)F 3)

Direct, no-weight spectral fitting

In direct, no-weight spectral fitting, the acquired spectrum
between 421.099 nm and 421.460 nm is fitted for the eleven
U emission line pairs (see Table 1) with wt(1) =1 for all data
points in the spectrum. As shown in Table 2, the results are
unsatisfactory. The fitting algorithm was unable to extract
the U component in the spectrum of the NU sample and
returned 0% **°U. The **°U contents of the two LEU sam-
ples also were underestimated by more than 2% in absolute
scale. The RMSE of the three UF4 samples, obtained with
two slightly different measurement conditions, was large and
was close to 2.5% in absolute 2*°U content.

The unsatisfactory results of the direct, no-weight fitting
method is likely a consequence of the presence of “outli-
ers” in the measured spectrum. In this context, outlier is any
spectral feature not included in the fitting model, for exam-
ple, measurement noise or spectral peaks not belonging to
the eleven spectral line pairs in the fitting model (Table 1). It

is well known that the convergence or quality of least-square
fitting is often compromised by the presence of only a small
number of ill-fit data points or outliers [48, 49]. Because the
database for spectral fitting (Table 1) is incomplete, abun-
dant outliers not accountable by the fitting model are present
in this case (see Fig. 1a). A possible solution to reduce the
impact of outliers to the sum of residual square ($%) is with
tailored weighing factor (Eq. 3).

Iterative spectral fitting with wavelength-dependent
weighting factor corresponding to spectral line position
in the fitting database

For the next developed algorithm, the fitting is forced to
focus only on the spectral regions in which 233U and 2**U
emission line pairs are defined (i.e., Table 1). Because many
fitted spectral profiles from gaseous UF, samples gave a
half width between 0.007 nm to 0.008 nm, simulated peak
shapes with a Lorentzian spectral profile and half width of
0.0075 nm were used directly as the wavelength-dependent
weighting factor. All listed >*°U and 2**U spectral lines con-
tribute equally to the weighting factor. As such, wt(1) takes
the form:

0.00752 0.0075>

wt(A) = 2

v [4(/1 - zgm)z + 0.00752] [4(/1 - Agm)z + 0.00752]

“

where 1 and 1° denotes respectively the measured wave-
length and the center wavelength of the emission line in the
fitting database (Table 1), with all wavelengths expressed
in nm units. Because of the presence of wavelength shifts
between wavelength calibration and measurement (i.e., 4, in

Table 2 Determined [*3U /. (***U +238U)] ratios of the three tested UF, samples with the four candidate algorithms, which incorporate increas-

ing number of factors into the fitting weight

Data set A (ICCD delay =4.0 ps) B (ICCD delay =3.9 ps) RMSE (Set A & B)
Sample NU LEU #1 LEU#2 NU LEU #1 LEU#2
Reference **U abundance 0.720% 4.675% 9.157% 0.720% 4.675% 9.157%
I - Direct, no-weight spectral fitting 0% 1.028% 7.138% 0% 1.045% 6.776% 2.492%
I — Iterative spectral fitting; simulated spectral line profiles 0% 2.438% 1.786% 0% 2.472% 1.538% 1.602%
as A-dependent weighting factor; equal weights for 233U and
238 components; no line-dependent weighting factor (i.e.,
a=k=1)
IIT — Similar to II, except that fitting weight for 2°U and 2%U 0% 3.342% 8.145% 0% 3.375% 7.964% 1.076%
components is inversely proportional to the determined
isotopic ratio
IV — Similar to III, except that inclusion of isotopic shift-based  0.251% 5.058% 9.384% 0.337% 5.100% 9.206% 0.353%

weighting factor a, with k=2.25, is applied to emission line
(see Table 1)

Twelve spectra, each with accumulated LIBS signals from 3000 laser shots, were averaged before presented for spectral fitting
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Fig.4 Measured LIBS emission spectrum from a LEU UF, sample
with 233U reference value of 4.675%, and the associated wavelength-
dependent weighting factor incorporated with only spectral line posi-
tions (see text for discussion). The wavelength positions of the 25U
and 238U spectral peaks are marked with vertical lines

Eq. 2), an iterative approach is used. The calibrated wave-
length is corrected for wavelength shift through the value
of determined A, from the previous iteration. The array of
wavelength-dependent weighting factors is then recalcu-
lated with the re-calibrated wavelength, and the fitting is
performed again until the determined U isotopic ratio of the
sample, R, converges.

Figure 4 shows the measured spectrum from the 4.675%
LEU UF sample and the associated weighting factor of the
described approach. Measured spectral peaks not identified
in the fitting database are assigned with low weighting fac-
tors, close to zero in many cases. The most distinct example
is the weighting factor of practically zero (and hence neg-
ligible contribution to S?) for the spectral peaks between
421.26 nm and 421.34 nm. Compared to the no-weight
direct fitting approach, although the RMSE was improved
to 1.6% >*U (see Table 2), results remain unsatisfactory.
Specifically, the algorithm was still unable to determine the
235U component in the NU sample and returned 0% 2*°U
abundance.

It should be noted that the simple wavelength-depend-
ent weighting factor, based on spectral peaks contained in
the fitting database, compensates the effect of measured
spectral peaks (as outliers) that are not present in the fit-
ting model, but does not correct for other factors that are
known to contribute to bias in least-square regression. One
pre-requisite for the success of least-square regression is

2
Wt(A) = 2 0.0075 +

that experimental uncertainties are statistically identical
for all the data points (i.e., the homoscedasticity require-
ment) [48, 50-54], a condition which is not fulfilled in our
measurements. Taking the NU UF, sample as an exam-
ple, the 23U component is ~ 138 x weaker than that of the
28y counterpart. As such, the absolute noise level (both
source flicker and shot noise) in the 2**U component is
larger. During the search for the best combination of fit-
ting variables and particularly in the presence of meas-
urement noise, the contribution of the small *U spectral
features could be completely ignored by the algorithm if
fitting only to the much large ?*8U peaks provides a global
minimization of $2. This known limitation of least-square
fitting, once again, can be corrected by the use of tailored
weighting factor [48, 50-54].

Inclusion of determined isotopic ratio into weighting factor
for iterative spectral fitting

The general approach to correct for the uneven uncertainty
distribution (i.e., heteroscedasticity) in data points is to set
a weighting factor inversely proportional to the variance
(%) of the data point [48, 50, 51]. However, a slightly dif-
ferent approach is used here. For photon shot-noise limited
uncertainty, the ratio of the variance of the two isotopic
spectral peaks is directly proportional to their emission
intensities, which in turn is directly proportional to their
respective isotopic contents in the sample. Accordingly,
the weighting factors for the 2*U and 2**U lines are no
longer set to be identical but inversely proportional to their
isotopic abundance as determined in the previous itera-
tion. For instance, if the determined isotopic abundance
of 3%U:**8U is 2:98, the weighting factor is set to 98:2
for the *>>U—~>*%U line pair in the next iteration. A limit-
ing factor is needed if the previous iteration returns 0%
of one isotope. In this case, a lower limit of 0.05% is set
for the isotope with zero abundance. In other words, the
maximum ratio of the weighting factor between the two
isotopes is 1999. In the first iteration, a 50—50 abundance
ratio is assumed for 2?°U and 2*U (i.e., equal weighing).
The set of newly determined 2**U and 23U isotopic abun-
dance after each iteration is then used to set the weighing
factor for the next iteration. In the present approach, wt(4)
takes the form:

2
0.0075 (5)

2
v R[4<,1—,1335i) +0.00752] (1—R)[4</1—/1"

238,i

2
) + 0.00752]
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Fig.5 RMSE of three UF, samples (Data Set A, with detector delay
time of 4.0 ps) as a function of k — the isotopic shift-based weighting
factor

The effectiveness of inclusion of the determined isotopic
ratio into the weighting factor is demonstrated by the fur-
ther improvement of RMSE from 1.60% to 1.08% of 23U
(see Table 2). Although the determined 235U contents were
closer to their respective reference values for the two LEU
UF4 samples, the fitting algorithm still returned 0% 235U for
the NU UF, sample.

Weighting factor based on isotopic shift of the line pair

Up to this point, all emission line pairs listed in the spec-
tral fitting database (Table 1) carry equal weight. However,
their isotopic shifts vary from < 1 pm to 18 pm. For emission
lines whose isotopic shifts are significantly larger than the
measured line width (typical ~7.5 pm), the shifts are visually
distinct, and extraction of isotopic information should be com-
paratively unambiguous. In contrast, isotopic analysis would
become more difficult and less reliable when the isotopic
shifts are only a fraction of the measured line width. There-
fore, it is reasonable to include another weighting factor that
reflects the isotopic shift. This isotopic shift-based weighting
factor is emission line specific and is termed o in Table 1.
The measured line width of 7.5 pm is used as a reference
and lines with isotopic shifts larger than 10 pm are assigned
a weight factor that are k times larger than lines having shift
around 7.5 pm. Likewise, the weighting factor is reduced
and o is assigned as 1/k for lines with shift that are less than
5 pm. Depending on the isotopic shift, k (> 1) appears as an
emphasizing (as multiplication) or an attenuating (as divi-
sion) weighting factor for a candidate line pair (Table 1). The
isotopic shift-based weighting factor, wt(4), takes the form:

(a) —— U-glass (NU) —UF6 (NU) ——U Lamp
R s u
c E| | ¢ | 1 1
Ke]
7]
R]
£
w 0.1 4 i
9 i
(6] i
N H
E §
5 0014 LY
= |
H
!
H
H
1E3 1 ; N ; Loty
421.0 421.1 421.2 4213 4214 421.5
Wavelength /nm
(b) —— U-glass (NU) —— U-glass (HEU, ~94% U-235)
1 =
. i ki
Ee] 1
7]
2
£
w 0.4
°
191
N
E
5 001 4
p4
1E3 T T T T
421.0 421.1 4212 4213 4214 4215
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Fig.6 a Measured LIBS emission spectrum from a LEU UF4 sample
with 2*°U reference value of 4.675%, and the associated wavelength-
dependent weighting factor incorporated with (i) spectral line posi-
tions, (ii) determined isotopic ratio, and (iii) isotopic shifts (see text
for discussion). The wavelength positions of the >**U and 2**U spec-
tral peaks are marked with vertical lines. b The measured and fitted
emission spectra, and the fitting residual

Figure 5 shows the effect of the isotopic shift-based
weighting factor k on the RMSE of the enrichment assay
of the three UF, samples. It should be noted that the RMSE
in Fig. 5 was evaluated only with Data Set A (i.e., 4.0 ps
delay). The use of only one data set is intentional as such
an arrangement allows us to evaluate if the determined opti-
mal value of k can be readily transferred to other measure-
ments under similar, but not identical, experimental condi-
tions (e.g., Data Set B). The inclusion of weighting factor k
improves RMSE. For instance, without the use of this iso-
topic shift-based weighting factor (i.e., k=1), the RMSE of
Data Set A was 1.05 and quickly reduced to 0.63 for a small
k of 1.25. The RMSE kept improving until k reached about
2.25 for a lowest RMSE value of 0.37. Thereafter, RMSE
gradually increased (Fig. 5). With the 4.675% **3U LEU UF;
sample as an example, Fig. 6a shows the measured spectrum

o Z ;0.0075> N ;0.0075* ©
W =
- 2 2
i [R [4(1 —03s.) + 0.00752] (1-R) [4(,1 —Ay.) + 0.00752]
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and the total fitting weights including all discussed factors
whereas Fig. 6b depicts the fitting quality and residual.
Table 2 lists the determined *3U contents of the three
UF, samples measured under two experimental conditions
differing by a delay time of 0.1 ps, with & set at 2.25. The
optimal value of 2.25 for k, determined with Data Set A, is
also applicable to Data Set B. In fact, the overall analysis
results, as reflected by the differences between the deter-
mined and the reference 2>°U contents in the three samples,
were marginally better for Data Set B. The overall RMSE
was 0.35% 23°U. The algorithm returned non-zero >*>U con-
tent for the NU UF, sample. An independent analysis with
Data Set B also revealed that the optimal k value was 2.25.

Analytical accuracy and precision of the optimized
spectral-fitting algorithm

From the foregoing discussion, weighted spectral fit-
ting incorporating factors like (i) spectral line positions,
(ii) determined isotopic ratio, and (iii) isotopic shift, are
essential for correct extraction of isotopic information from
LIBS spectra of gaseous UF,. To evaluate the accuracy and
precision of the spectral-fitting approach for UF, enrichment
assay, individual measured spectra (each with LIBS signals

accumulated from 3000 laser shots, and twelve spectra for
each sample) were presented for isotopic analysis. To further
assess the effect of a slight shift in measurement conditions,
the delay time of one set of measurement was intentionally
lengthened from 4.00 ps to 4.14 ps (Data Set C). It also
should be mentioned that Data Set C was taken months apart
from that of Data Set A and B, so that the medium-term
reproducibility of the method also could be estimated.

Table 3 lists the twelve replicates of the different meas-
urements, together with their statistics. For the two LEU
samples, the RSDs were in the range of 2% to 5%; RSD for
the NU sample was much larger because of the small value
of 2°U in the denominator of the RSD calculation. Over-
all, the standard deviation of the measurements, in terms
of absolute >*U content, appeared independent of the
235U content and typically ranged between 0.2% and 0.5%.
Likewise, although one measurement (the 4.675% LEU
sample in Data Set C) gave an absolute bias of 0.83% 23°U,
other measurement biases were contained within +0.5% in
absolute >*U (Table 3).

The achievable accuracy and precision of UF, enrich-
ment assay with laser induced plasma and theoretical
spectral fitting compare favorably with other fieldable,
optical-based techniques, namely, high performance
infrared (HPIR) spectroscopy [6, 7] and atomic beam
laser absorption spectroscopy [10, 11]. For example, UF

Table 3 Determined [*3U / (**U +238U)] ratios of the three tested UF, samples with the developed multivariate nonlinear spectral fitting algo-

rithm
Replicate A (ICCD delay =4.0 ps) B (ICCD delay =3.9 ps) C (ICCD delay =4.14 ps)

NU (%) LEU#1 (%) LEU#2(%) NU (%) LEU#1 (%) LEU#2(%) NU (%) LEU#1 (%) LEU#2 (%)
1 0.05 5.00 9.07 0.35 5.13 9.28 0.39 5.59 8.73
2 0.35 5.06 9.18 0.21 5.02 9.22 0.75 5.46 9.07
3 0 4.92 9.48 0.58 4.96 8.89 0.78 5.40 9.07
4 0.48 5.17 9.30 0.25 4.98 9.13 0.88 5.45 9.17
5 0.17 4.89 9.33 0.22 5.16 9.30 0.83 5.45 8.70
6 0.30 4.98 9.01 0.41 5.36 9.50 0.85 5.57 8.73
7 0.17 5.01 9.27 0.15 5.07 8.92 1.01 5.9 9.14
8 0.34 4.84 9.88 0.29 5.12 9.47 1.15 5.52 9.80
9 0.06 5.10 9.51 0.30 5.17 9.37 0.86 5.51 8.80
10 0.38 5.35 9.25 0.29 4.94 8.99 0.49 5.34 9.65
11 0.41 5.13 9.45 0.50 5.24 9.21 0.93 5.75 10.08
12 0.37 5.29 9.83 0.68 5.07 9.25 1.14 5.74 9.73
Average 0.26 5.06 9.38 0.35 5.10 9.21 0.84 5.51 9.22
SD 0.16 0.16 0.27 0.16 0.12 0.20 0.23 0.14 0.48
RSD 63 3.1 2.9 46 24 2.1 27 2.6 5.2
Reference 2°U  0.720 4.675 9.157 0.720 4.675 9.157 0.720 4.675 9.157
Bias (absolute)  —0.46 0.39 0.22 -0.37 0.43 0.05 0.12% 0.83 0.07
Bias (relative) — —64 8.3 24 =51 9.1 0.58 16 18 0.72

Fitting weight include contributions from simulated spectral profile, determined 2*U abundance, and an isotopic shift-based weighting factor («,

with k=2.25). Twelve spectra, each with accumulated LIBS signals from 3000 laser shots, were measured for each sample

@ Springer

| Journal : Large 10967

Article No : 8215

Pages : 13

MS Code : 8215

Dispatch : 2-2-2022

614
615
616
617
618
619
620
621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639



640
641
642
643
644
645
646
647

648

649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689

Journal of Radioanalytical and Nuclear Chemistry

samples ranging from depleted to highly enriched >*°U
levels were analyzed with the HPIR method, and the
reported standard deviations of the measurements showed
no correlation with the *>U content and ranged between
0.14% and 0.52% of absolute ***U [6, 7]. In atomic beam
laser absorption spectroscopy, measurement uncertain-
ties between 0.2% and 0.3% in absolute >*3U content were
reported [10, 11].

Conclusion

A new spectral window, centered at around 421.3 nm, was
found to be suitable for direct gaseous UFy enrichment
assay using LIBS. No appreciable self-absorption was
observed for U emission lines in this spectral window,
in marked contrast to the spectral window containing the
classical U II 424.437 nm line. An iterative, multivari-
ate nonlinear spectral fitting algorithm, which can extract
enrichment information directly from the measured LIBS
spectra was developed and evaluated. Because this spectral
window contains numerous spectral lines with non-negli-
gible emission, it is not practical to have the wavelength of
each of them well characterized, and weighting factors for
spectral fitting were found to be necessary. Wavelength-
dependent weighting factors, which take into considera-
tion the spectral positions, determined isotopic ratio, and
isotopic shift of the emission line pairs, is applied in an
iterative fashion. Overall, the speed of the iterative spec-
tral fitting is fast and acceptable for in-field analysis. In
this work, all fittings were performed on an older laptop
computer (CPU: Intel Core i7-3630QM) with a custom
programming script written in OriginLab software. It often
took less than 90 s for fitting a single spectrum, although
some spectra took longer (upto 300 s) for convergence.
Although the developed spectral-fitting algorithm does
not require the use of calibration standards, it does not
preclude the use of isotopically enriched standards for
calibration for further improvement in the analytical accu-
racy. For instance, a hydride calibration model, in which
either the spectral fitting-determined isotopic ratio is re-
calibrated with the reference values of a set of calibration
standards or a correction factor could be applied to fine-
tune the determined isotopic ratio, can be envisioned.
The development of direct UF enrichment assay with
LIBS offers unique analytical capability. Its no-sample-
preparation approach, short measurement and data pro-
cessing times (minutes), together with instrument hard-
ware footprint similar to a small shopping cart, make it a
suitable candidate for UF, enrichment assay in the field. In
addition, because both the U and 2*®U spectral lines are
measured simultaneously, the flicker noise associated with
pulse-to-pulse fluctuation of the laser can be effectively

cancelled through ratioing. Further development for meas-
urement and testing in a simulated field environment are
underway.
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