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Spatially Resolved Raman Spectroscopic Investigation of UO,F,: A Case Study in the
Importance of Instrument Optimization

Tyler L. Spano!”, Hunter Andrews?, Andrew Miskowiec!, Toya N. Beiswenger!, Benjamin T.
Manard?

Abstract

Raman spectroscopy is an emerging technique for rapid and nondestructive analysis of nuclear
materials for forensic and nonproliferation applications as it is a powerful tool for distinguishing
multiple chemical forms of materials with similar stoichiometries. Recent developments in
spectroscopic software have enabled rapid data collection with high-speed Raman spectroscopic
mapping capabilities. However, some uranium-rich materials are susceptible to degradation in
humid air and/or laser-induced phase transformations. To mitigate environmental or measurement-
related sample degradation of potential samples of interest, we have taken a systematic approach
to define optimized data collection parameters for high-throughput measurements of UO,F,, which
is an important intermediate material in the nuclear fuel cycle. First, we systematically describe
the influence of optical magnification (5x—100x), laser power, and exposure time on obtained
signal for identical particles of UO,F, and find that at low laser power and exposure times,
comparable signal is obtained regardless of optical magnification. Second, we ensure sample
integrity during data collection and third: collect spectroscopic maps that employ optimized
parameters to reduce the time required to obtain spatially resolved spectroscopic information.
Reductions of 90% and 99% in measurement times are discussed as they relate to differences in
resolving spectroscopic features of particles in identical mapping areas. During this work, we
found that additional data processing options were needed and thus developed a customized Python
script for importing, processing, analyzing, and visualizing Raman spectroscopic map data.

Keywords

Raman spectroscopic mapping, UO,F,, uranyl fluoride, high-speed mapping, nuclear materials
analysis

Introduction

Gaseous uranium hexafluoride (UFy) is a key intermediate in the nuclear fuel cycle because this
chemical form can be enriched in the fissile isotope 23°U.! When exposed to humid air, UO,F, is
the primary hydrolysis product of UF¢. UO,F; is itself susceptible to further hydrolytic degradation
to several uranyl oxyfluoride, oxyhydroxyhydrate, and peroxide species as a function of relative
humidity and exposure time.>> Resultingly, examining the spatial distribution of UO,F, and its
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associated alteration products can provide information about sample history and environmental
storage conditions with applications to nuclear forensics, safeguards, nonproliferation.

While hydrolysis of gaseous UF, leads to formation nano-to micrometer scale particles,
formation of larger (10s of microns) agglomerates is well-documented®®. Recent work by Cheng
et al., has demonstrated the correlation between growth-rate of UO,F, aerosols and environmental
conditions including UF4 concentration and water content®. Their work highlights the applicability
of microanalysis towards elucidating information regarding nucleation processes, and thus,
formation conditions. Likewise, multimodal analysis, including Raman spectroscopic
investigations of UO,F, and related materials is recognized as a powerful tool for International
Atomic Energy Agency safeguards inspections!.

Recent work by Kirkegaard et al. demonstrates that decomposition of UO,F, and its related
hydrates occurs on the order of days under some relative humidity conditions.? *> Due to the rapid
degradation of UO,F,, timely analysis of these materials is essential when examining fuel cycle
intermediates and their hydrolysis products. Similarly, the ability to visualize the spatial
distribution of chemical species at the micrometer scale can provide mechanistic insight into
degradation processes.

Raman spectroscopy is a powerful means for identification of U(VI) phases owing to the
characteristic v; symmetric stretching vibrational mode of UO,?".!l- 12 The frequency of this
vibrational mode is directly correlated with axial U-O bond lengths, which, in turn, are influenced
by equatorial coordination and the nature of equatorial bond polymerization with respect to U(VI)
centers.!? As such, distinguishing between alteration species using Raman spectroscopy is a well-
established methodology for nondestructive material characterization!3 14 and is recognized as an
emerging technique for nuclear forensic and nonproliferation applications.!>: 16

Raman spectroscopic mapping provides the opportunity to interrogate chemical
transformations of UO,F, with high spatial resolution and identify particles with similar but
distinct chemical composition.!” However, before using this technique, method development is
required to determine instrumental parameters for the chemical phase(s) of interest. Raman
spectroscopic data collection times must be minimized to preserve existing spatiotemporal
information that can be extracted because of the rapid degradation of UO,F, in ambient conditions.
Similarly, U(VI) phases—especially hydrous materials—are susceptible to laser-induced phase
transitions imposed by the introduction of thermal energy at the sample surface. As a result,
thermal input from the Raman laser must be minimized. To explore conditions for collecting
spatially resolved Raman spectroscopic data for UO,F; and its hydrolysis products as rapidly as
possible, we have taken a systematic approach. Herein, we identify the instrument parameters that
maximize signal without damaging the sample and simultaneously provides the highest throughput
analysis to minimize sample degradation during measurement. Although directly applicable to
UO,F,, the need for instrument optimization for specific chemical species is of general interest for
nuclear nonproliferation, where sample throughput and data fidelity are critical concerns.

Materials and Methods
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Sample Preparation. Samples of uranyl oxyfluoride (UO,F,) were prepared from stock material
as received from International Bioanalytics which was stored in a desiccating cabinet to limit
hydrolysis. Preliminary characterization of UO,F, stock material was done using powder X-ray
diffraction, with the collected diffractogram and measurement details in the Supporting
Information (Figure S1). Particles were transferred to carbon gunshot residue tabs mounted on
scanning electron microscopy (SEM) stubs and pressed flat with a spatula. Once loaded with
UO,F,, the SEM stub was stored in a mylar bag with desiccant to prevent hydrolysis? !® of material.

Instrument Optimization. To explore ideal Raman spectroscopic data collection parameters that
maximize signal and minimize data collection time, we used a systematic approach involving
identical measurements on different areas of the same large particle (~200 pm diameter) at various
optical magnifications. Raman spectroscopic data were collected in the range of 15-1265 cm™!
using a Renishaw InVia micro-Raman spectrometer equipped with a holographic notch filter with
an excitation wavelength of 785 nm, 1200 lines/mm diffraction grating, which results in a spectral
resolution of ~2.5-3.1 ecm™!. The 785 nm source was chosen to reduce fluorescence contributions
to collected spectra, which can complicate spectra when shorter wavelengths (e.g. 532 nm) are
employed. Optical magnifications of 5%, 20%, 50%, and 100x were employed (Table 1). For each
optical magnification, data were collected with laser powers of 0.1%, 0.5%, 1%, 5%, 10%, and
50% achieved with neutral density filters applied to the 300-mW diode laser. At each
magnification and laser power, exposure times of 0.1, 0.5, 1, 2.5, 10, and 25 s were investigated.
Since one goal of this work is to significantly reduce analysis time, all spectra are one accumulation
of data. To minimize variability related to potential sample heterogeneity, all datasets were
collected on a single large particle of UO,F,. At each optical magnification, the sample was
initially brought into focus, and focus adjustments were limited during measurements to reduce
variations in signal intensity related to differences in beam attenuation on the sample surface.

Table 1. Microscope objectives used in this work.

Objective . Working Distance
Mag 1iliﬁca tion Numerical Aperture (nglm)
Leica 5x 0.12 14
Leica 20x 0.40 10.8
Leica 50x 0.50 8.2
Leica 100x 0.85 0.33

Mapping Measurements. Three Raman spectroscopic maps were generated for an area of the
prepared sample that is 250 um in width and 182 pm in height, with a resulting resolution of
0.76 pixels/um. The first map was collected with standard mapping capabilities and a point source
using a 785 nm excitation wavelength over ~16 h, with a total of 5063 spectra acquired. Each
collected spectrum is the sum of five accumulations of data, with each accumulation resulting from
a 2.5 s exposure time. The second map was also collected using a 785 nm excitation wavelength
and contains 5063 spectra. However, based on results from instrument optimization discussed in
the following section, we collected only a single accumulation of 1s of data to minimize

3
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acquisition time with resulting data collection occurring over ~1 h 45 min. A final map was
collected using a line scan capability within the Renishaw Wire software package, again with
instrument parameters informed by optimizations described in the following section. The resulting
map, also containing 5063 spectra, required only ~6 min to collect with a 0.1 s exposure time, 1%
laser power, and a single accumulation of data for each point.

Data Treatment. Collected Raman spectroscopic data for each combination of laser power,
exposure time, and magnification were imported to the OriginPro Software Suite. To determine
the influence of laser power and exposure time on obtained Raman signal, we first determined
instrumental noise associated with each dataset by calculating the standard deviation on data
collected in the range of 500-550 cm™!. This range was chosen as the instrumental noise interval
since UO,F,, and its hydrolysis products are Raman-silent in this region. Initially, we divided the
observed spectral intensity at 915.88 cm™!, which corresponds to the v; symmetric stretching
vibrational mode for UO,*" in UO,F,,'” ?° by the instrumental noise to obtain a quantitative
measure of observable signal-to-noise (S/N), for each experimental variable. We also investigated
S/N'2 normalization to highlight the importance of normalization scheme on obtained signal.

Raman spectroscopic maps were analyzed using a bespoke Python script. This script used
the Renishaw File Reader (Renishaw WiRE) Python package to access .wdf files from the
instrument.?! The script automatically identifies if the selected file is a “Static” (point scan) or
“StreamLine” (line scan) type and imports the data accordingly. Data are truncated to the range of
15-1150 cm™!, cosmic rays were removed, and then the spectra were subjected to a rough intensity
normalization by subtracting the mean intensity of each spectrum between 1000 cm™' and
1100 cm™!. Cosmic ray removal was performed using a modified Z-score approach.?> The peak
intensities were considered approximate to the max intensity between a user-defined range.
Selected signals, as well as the white light sample image, were mapped using the Matplotlib Python
library. The produced Raman shift map allows the user to click on the white light image or Raman
map to select a pixel of interest. The selected pixel is marked on the white light image and Raman
map, and the corresponding spectrum is plotted in the bottom plane of the window. This process
can be repeated, with each subsequent spectrum being marked, numbered, plotted, and then
appended to a matrix for further analysis, if desired. The Python script used in this study is
provided in the Supporting Information.

For each dataset, maps were generated from peak intensity and intensity ratios. The
intensity of features at 915 cm™! and 865 cm™!, corresponding to the v; symmetric stretching
vibrational mode for UO,?" of anhydrous and partially hydrated UO,F,, respectively,>2° was used
to examine the distribution of these phases in our sample. Likewise, maps were generated based
upon the intensity of the feature centered at 185 cm™! as this mode is also attributable to motion of
the UO,?" unit.?’ A feature centered at 260 cm™!, corresponding to the E, mode of uranyl polyhedra
in anhydrous UO,F,, was also mapped.?° Intensity ratio maps, which compare the 865 cm™' and
915 cm ! UO,?* modes of hydrous and anhydrous UO,F,, respectively, were also generated.

Results and Discussion
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Avoiding Laser-Induced Phase Transformations. To ensure that the sample of UO,F, was not
undergoing chemical transformation resulting from thermal input from the Raman laser,> we first
performed a 0 to 1 normalization on individual collected datasets to remove intensity differences
that result from variables explored in this work, including laser power and exposure time. Then,
we performed principal component analysis (PCA) using the OriginPro software suite.? Initially,
we conducted PCA for each magnification separately, then, we analyzed all normalized datasets.
Scree plots generated for each magnification, as well as an additional scree plot generated from
PCA of all data (Fig. S2 in Supporting Information), were examined to ensure that only one
principal component (PC) was contributing to spectra collected during this work. Each plot
definitively indicates that no secondary component is contributing to observed spectral intensity.
The first principal component (PC1) spectra (Fig. 1) for all datasets are characterized by a sharp
area of intensity at ~185 cm™!, a broad peak centered at ~260 cm™!, a low-intensity mode at
~865 cm™!, and a sharp peak at ~915 cm™!. The modes at 185 cm™! and 915 cm™! are characteristic
of anhydrous UO,F,,?° and their presence in the PC spectra indicates that signal contributions from
these modes are increasing as data collection parameters are altered. The low-intensity vibrational
mode at ~865 cm™! is attributable to the axial U-O symmetric stretching vibrational mode of
hydrous UO;F,, indicating that small quantities are present in our sample, with the predominant
phase being the anhydrous modification. The agreement between PC spectra and those of
anhydrous UO,F, with minor contributions from the hydrate phase strongly suggests that no laser-
induced phase transitions are occurring. Furthermore, the lack of vibrational modes at 845 cm™!
and 550 cm™!, which would be signatory of a uranyl hydroxide phase, further indicate that no
chemical transformations to uranyl hydroxide are occurring as a result of laser interactions. This
result is further bolstered by the singular PC indicated by the scree plots, shown in Fig. S2.
Although we recognize that the lineshape of low-energy lattice modes associated with hydrous
UO,F, may be attributable to small quantities of uranyl hydroxide phases, the difference cannot
be distinguished between those that may be formed by hydrolysis of hydrous UO,F, vs. induced
by laser interactions of the sample. However, the absence of characteristic uranyl stretches that
would indicate hydroxide phases suggests that this contribution is minor or nonexistent.
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174  Figure 1. PC1 spectra used to investigate potential spectral contributions from laser-induced alteration
175  uranyl hydroxide phases. Features consistent with a mixture of hydrous and anhydrous UO,F, are observed,
176  indicating that no phases besides UO,F, and its hydrolysis product are present.
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178  Figure 2. Background-normalized intensity of the v; symmetric stretching vibrational mode of UO,?" in
179  anhydrous UO,F, normalized to noise in the range of 500-550 cm!for each optical magnification as a
180  function of laser power and exposure time.
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Instrument Optimization Figure 2 shows the background-normalized intensity of the v; symmetric
stretching vibrational mode of UO,?* in UO,F,!%2° for each optical magnification as a function of
laser power and exposure time. Datasets from which these values were determined are shown in
Fig. S3 (Supporting Information). With 5% optical magnification (Fig. 2a), low S/N (described in
the Data Treatment section) is observed for laser powers below 10% coupled with exposure times
below 2.5s. As exposure time and laser power are increased, an apparent increase in signal
intensity is observed, with the highest signal corresponding to the longest exposure times and
highest laser powers. With 20x optical magnification (Fig. 2b), S/N is greatly improved at a short
exposure time (0.1 s) with high laser power (50%) relative to observations from 5x magnification,
however, this observed ratio may be attributable to the dependance of noise (calculated as
described in the Data Treatment section) on acquisition parameters. Notably, the signal exceeded
detector capabilities at 20x magnification when 50% laser power was employed with a 25 s
exposure time. When using 50% magnification, the most intense signal is observed with a 25 s
exposure time and laser powers between 0.5% and 10% (Fig. 2¢). A short exposure time (0.25 s)
using 100x magnification provides a signal comparable with longer exposure times (2.5-25 s) and
higher laser powers (0.5%—-25%). Using a 50x optical magnification (Fig. 2c), a similar increase
in observed intensity is seen with increasing exposure time. However, at a 25 s exposure time, the
highest signal is observed using 5% laser power with a marked decrease in observed intensity at
this exposure time with increasing laser power. A small area of increased signal intensity with 5%
laser power and a 1 s exposure time is observed using this normalization method. Similar behavior
of background-subtracted signal is observed with 100x optical magnification (Fig. 2d), where the
local intensity maximum is observed at 10% laser power and a 10 s exposure time. However, a
small area of elevated signal is observed at a 0.25 s exposure time and 50% laser power.

To evaluate the influence of normalization method on our comparison of laser power and
exposure time, we also examined signal when normalized to the square root of noise (noise was
calculated as described in the Data Treatment section). This method should further decouple the
S/N ratio from variability in analytical parameters by enabling observation of changes in the UO,?*
intensity regardless of proportionality to overall signal increase. Indeed, variability in observed
signal as a function of laser power, exposure time, and optical magnification is minimized using a
N2 normalization, where little difference is seen between all optical magnifications with low laser
power and short exposure times. For all magnifications, overall signal is capped at ~250 for
exposure times up to 10s, and all laser powers. Suggesting that increasing laser power at short
exposure times is not necessary and should be avoided to mitigate the possibility of laser-induced
phase transitions.

With the 5x optical magnification (Figure 3a), significant gains in signal are only seen in
at the highest laser powers and exposure times, with a maximum S/N'2 of 1400. Contrary to our
observations discussed previously, where S/N was used for normalization, rather than S/N'2, no
significant gains in overall intensity regardless of laser power and exposure time are seen with the
20x optical magnification, with intensity for this magnification maximized at 260 regardless of
laser power and exposure time (Figure 3b). The 50 optical magnification (Fig. 3c) however,
provides a significant benefit to overall intensity at the highest laser power and exposure time,
with a maximum intensity of 2009. When normalized to the square root of noise in the range of
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500-550 cm™!, similar performance of the 5x magnification is observed for the 100x magnification,
with a maximum intensity of ~1550 achieved for the latter. These results indicate that depending
on specific signal requirements for a given analysis, increasing laser power and exposure time may
be beneficial at some optical magnifications. When striving for short exposure times that maximize
sample throughput and minimize analysis time for mapping measurements, all optical
magnifications provide comparable signal.
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Figure 3. Background-normalized intensity of the v, symmetric stretching vibrational mode of UO,?" in
anhydrous UO,F, normalized to the square root of noise in the range of 500-550 cm™! for each optical
magnification as a function of laser power and exposure time.

The overarching goal of this work is to define Raman spectroscopic data acquisition
parameters that result in high-throughput mapping of UO,F, particles, however, we also examined
overall trends in signal gain based on laser fluence and exposure time (Figure 4) should readers of
this work wish to maximize obtained signal while understanding energy input to their samples.
Unsurprisingly, when exposure time is increased, an increase in signal is observed. There does not
appear to be a predictable correlation between obtained signal and optical magnification, and
resultingly, laser spot size which was approximated using (1),

1). wo=A/(2NA)

where A is the excitation wavelength (785 nm) and NA is the numerical aperture of the objective.
The 5x, 20x%, 50%, and 100x objectives result in spot sizes of 3.27, 0.98, 0.79, and 0.46 um,

8
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respectively. Overall, highest signal intensity gains with increasing power density and exposure
times are obtained using the 5x objective, with the 50%, and 100x providing intermediate signal
gains with increasing exposure time and laser power. Notably, the highest signal overall is obtained
using the 50x objective. Lower signal intensity is obtained using the 20x objective relative to the
rest. However, as we observed in our previous discussion of the heatmaps generated using laser
power, exposure time, and intensity normalized to N2, short exposure times and low laser powers
do not significantly vary between objectives (Figure 3).
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Figure 4. Normalized intensity of the v, symmetric stretching vibrational mode of UO,?* in anhydrous
UO,F,, compared to the power density and exposure time employed for measurements.

Comparison of High-Resolution vs. High-Speed Spectroscopic Mapping. Figure 5 shows example
Raman spectroscopic maps generated from the intensity of spectroscopic features at 865 and
915 cm™!, and ratio maps of the 865 cm™':915 cm™! intensity with 16 h, 1 h 45 min, and 6 min
collection times and an optical image of the associated mapping area. Additional maps of intensity
at 185 and 260 cm™! are shown in Fig. S4. We expect the maps created from the intensity of
features at 185, 260, and 915 cm™! to appear mostly consistent with one another at each mapping
time, considering that these features are all attributable to anhydrous UO,F,. Maps generated with
optimized instrument parameters and various acquisition times are compared to access the trade-
off between spectral sensitivity and rapid data collection.
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265  Figure 5. Raman spectroscopic maps and corresponding optical image of mapping area generated from the intensity of features that correspond to
266  hydrous and anhydrous UO,F,.
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When comparing datasets collected for the 185 cm™! feature (Fig. S4), a large particle with
significant spectral contributions from this mode is observed in the upper left of the map image,
regardless of collection time. An additional particle with strong 185 cm™! contributions is seen
toward the right of the image in the 16 h and 1 h 45 min datasets, with slightly diminished visibility
in the 6 min dataset. Other smaller particles, which are not visible in the optical image of the map
area because they are below the focal plane (Fig. S4), are also identified in the two longer—
collection time datasets. Although the 6 min dataset shows some intensity in the top center of the
map, the longer datasets resolve multiple particles. These results are consistent for maps generated
from the 260 cm™! features, again resulting from the 185 and 260 cm™! modes originating from
structural features of anhydrous UO,F,.

Some variability in map images is observed in those generated from the 865 cm™! feature,
which originates from symmetric stretching of the U-Oy, unit in hydrous UO,F,. Notably, the 16 h
dataset shows significant variability in intensity throughout the large particle in the top left of the
map (Fig. 5). This intensity variability is likely attributable to the variability in the extent of UO,F,
hydrolysis and alteration to the hydrated species. Likewise, particles in the lower left and center
right of the map display intensity variability with the 16 h collection time. With faster mapping
parameters (i.e., 1 h 45 min and 6 min), these intensity variations are less visible, and only the
large particle at the top left shows significant intensity contributions. Lower-intensity areas are
seen, but discerning between hydrous and anhydrous material is difficult using these fast-mapping
parameters, and identifying individual particles is thus more challenging.

The variability in intensity displayed for the large particle in the 865 cm™! 16 h map is
further illustrated by similar variability in the 915 cm™! map (Fig. 5), also likely corresponding to
varying degrees of hydrolysis. Only one high-intensity particle is observed in the right center of
the map. Other particles are suggested upon examination of the 16 h map, with more diffuse
intensity making discernment challenging among individual particles. From the 1 h 45 min map,
only two particles are detected when using the 915 cm™! intensity, and other smaller particles seen
in other maps are not visible. Surprisingly, the 6 min map provides more insight into anhydrous
particles than the two longer maps. The large particle at the top left of the map is clearly visible,
as is the intermediate-sized particle at center right. The presence of some of the smaller particles
is suggested by intermediate-intensity features seen throughout the map.

To gain insight into the degree of hydrolysis of UO,F,, spectroscopic ratio maps were
generated, which compare the intensity of the 865 cm™! feature with the intensity of the peak
located at 915 cm™!. In resulting spectroscopic maps (Fig. 5), higher intensity indicates a higher
degree of hydrolysis, and areas of high intensity should correspond to particles that are yellow in
color from the optical image of the map area, according to the reported physical appearance of
these two phases.?* > Indeed, with the 16 h map, the two particles that are expected to be composed
of primarily hydrous UO,F, are identified. Variations in the degree of hydrolysis of the large
particle, as was suggested by individual feature maps, is further elucidated in the ratio map, with
more significant alteration visible at the edge of the large particle. Note that this variability may
also result from differences in sample height, which could result in lower-than-expected intensity



308
309
310
311
312
313
314
315
316
317
318
319

320
321
322
323
324
325
326
327
328
329
330
331

332

333

334

335
336
337
338
339
340

for specified spectroscopic features. Although we would expect signal intensity to vary somewhat
consistently for hydrous and anhydrous UO,F,, differences in the collected signal for these two
phases may be present as a function of sample height and, resultingly, laser attenuation on the
sample. Ratio maps generated with 1 h 45 min and 6 min datasets are very similar to those
generated over 16 h; however, evidence of the line scan method used in streamline mapping is
seen in the 6 min map, with some smearing suggested by the larger appearance of the primary
particle located in the top left of the map. The 1 h 45 min and 6 min maps show some broadening
of features. The second particle that corresponds to hydrous UO,F,, which is observable in the
16 h map, is less visible because additional areas of intensity are adjacent to the smaller particle at
the center right of the map. Likewise, an additional particle is seen in the top center of the map
collected in 6 min, which may be an artifact of the faster collection time and a smearing of data
corresponding to two small particles, as indicated by other maps and discussed earlier.

PCA was also conducted for spectroscopic maps generated over 16 h, 1 h 45 min, and
6 min (Fig. 6). For the 16 h, 1 h 45 min, and 6 min datasets, PC1 (Fig. S4) accounts for 90%, 53%,
and 68% of variability, respectively, and the first two PCs of the 16 h 1 h 45 min, and 6 min data
result in 94%, 60%, and 73% cumulative completeness, respectively. Significant benefits of longer
maps are observed during this analysis, in which the smaller hydrolyzed particle (discussed
previously) is positively identified by PCA of the 16 h map and is seen in the 1 h 45 min map, but
it is not detected from PCA of the 6 min map. Although a higher completeness is observed with
the 6 min map relative to the 1 h 45 min map, the latter can resolve two particles in the top center
of the map, whereas the 6 min dataset only detects a single particle in this region. Conversely, the
6 min dataset shows more clearly the spatial distribution of larger particles. These results indicate
that analysts should carefully consider the desired spatial resolution, detail of features under
investigation, and reduction in analysis time when determining spectroscopic mapping parameters.
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Figure 6. PCA maps generated from (left) 16 h, (middle) 1 h 45 min, and (right) 6 min map datasets.

Conclusion

The influence of optical magnification, laser power, and exposure time has been investigated for
single-accumulation spectra of UO,F,, with results indicating that at low laser power, with short
exposure times, similar signal normalized to N2 is observed at 915 cm™!, which is attributable to
the symmetric uranyl stretching mode of anhydrous UO,F,. Using PCA and resulting scree plots,
we determine that only one PC is present in all spectra, indicating that no laser-induced phase
transitions are occurring during data collection. This singular component matches the spectra of a
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solid-phase mixture of hydrous and anhydrous UO,F,. Following determination of optimized
instrument parameters and confirmation of no alteration phases resulting from laser-sample
interactions, a Raman spectroscopic map was collected over 16 h, and those data collected in
1 h45 min and 6 min were compared. We find nearly identical spectroscopic features in the
1 h 45 min map when compared to the 16 h map, suggesting that with the application of optimized
instrument parameters, an ~90% reduction in data acquisition time is possible with minimal
sacrifice in resolution. The 6 min map, which was collected using a line-scan method, results in a
99% reduction in data collection time, but it also suggests that some information loss occurs as a
result of this data collection time reduction, in particular when trying to resolve individual small
particles.

All Raman spectroscopic maps collected using 16 h, 1 h 45 min, and 6 min data collection
times provide spatially resolved information regarding the speciation of UO,F, and its hydrolysis
products, with ratio maps of hydrous to anhydrous spectroscopic features providing the most
information regarding spatial distribution of solid species. These results highlight the importance
of instrument optimization in selecting Raman spectroscopic measurement parameters and provide
insight into differences in data quality, as related to measurement time reduction. Additional
investigations into ideal instrument parameters for other chemical species relevant to the nuclear
fuel cycle have the potential to significantly reduce data collection time, with limited change to
data quality, and increase the speed at which the chemical form of uranium-rich species can be
identified, with important implications for nuclear forensics and nonproliferation.
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Figure S1. Powder X-ray diffractogram collected for stock material of UO,F; showing significant
phase contributions from hydrous UO,F,. PXRD data were collected using a Proto AXRD
benchtop diffractometer in Bragg-Brentano configuration with a Cu-Ka X-ray source. The known
position of NIST640 standard reference material was used to conduct zero shift corrections. One
second of data was collected in the range of 10-55 2° 20 with a step size of 0.2° 20 in attempt to
limit hydrolysis of material during analysis.
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Figure S3. Spectra collected for different areas on the same large particle of UO,F; with

different laser powers, exposure times, and optical magnifications.
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Figure S4. Raman spectroscopic maps generated for UO,F,. Left column, 16-hour acquisition
time, center column, 1 hour 45-minute acquisition time, right, 6-minute acquisition time.
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