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5 Abstract

6 Raman spectroscopy is an emerging technique for rapid and nondestructive analysis of nuclear 
7 materials for forensic and nonproliferation applications as it is a powerful tool for distinguishing 
8 multiple chemical forms of materials with similar stoichiometries. Recent developments in 
9 spectroscopic software have enabled rapid data collection with high-speed Raman spectroscopic 

10 mapping capabilities. However, some uranium-rich materials are susceptible to degradation in 
11 humid air and/or laser-induced phase transformations. To mitigate environmental or measurement-
12 related sample degradation of potential samples of interest, we have taken a systematic approach 
13 to define optimized data collection parameters for high-throughput measurements of UO2F2, which 
14 is an important intermediate material in the nuclear fuel cycle. First, we systematically describe 
15 the influence of optical magnification (5×–100×), laser power, and exposure time on obtained 
16 signal for identical particles of UO2F2 and find that at low laser power and exposure times, 
17 comparable signal is obtained regardless of optical magnification. Second, we ensure sample 
18 integrity during data collection and third: collect spectroscopic maps that employ optimized 
19 parameters to reduce the time required to obtain spatially resolved spectroscopic information. 
20 Reductions of 90% and 99% in measurement times are discussed as they relate to differences in 
21 resolving spectroscopic features of particles in identical mapping areas. During this work, we 
22 found that additional data processing options were needed and thus developed a customized Python 
23 script for importing, processing, analyzing, and visualizing Raman spectroscopic map data. 

24 Keywords 
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27 Introduction

28 Gaseous uranium hexafluoride (UF6) is a key intermediate in the nuclear fuel cycle because this 
29 chemical form can be enriched in the fissile isotope 235U.1 When exposed to humid air, UO2F2 is 
30 the primary hydrolysis product of UF6. UO2F2 is itself susceptible to further hydrolytic degradation 
31 to several uranyl oxyfluoride, oxyhydroxyhydrate, and peroxide species as a function of relative 
32 humidity and exposure time.2-5 Resultingly, examining the spatial distribution of UO2F2 and its 
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33 associated alteration products can provide information about sample history and environmental 
34 storage conditions with applications to nuclear forensics, safeguards, nonproliferation.

35 While hydrolysis of gaseous UF6 leads to formation nano-to micrometer scale particles, 
36 formation of larger (10s of microns) agglomerates is well-documented6-8. Recent work by Cheng 
37 et al., has demonstrated the correlation between growth-rate of UO2F2 aerosols and environmental 
38 conditions including UF6 concentration and water content9. Their work highlights the applicability 
39 of microanalysis towards elucidating information regarding nucleation processes, and thus, 
40 formation conditions. Likewise, multimodal analysis, including Raman spectroscopic 
41 investigations of UO2F2 and related materials is recognized as a powerful tool for International 
42 Atomic Energy Agency safeguards inspections10. 

43 Recent work by Kirkegaard et al. demonstrates that decomposition of UO2F2 and its related 
44 hydrates occurs on the order of days under some relative humidity conditions.2, 3, 5 Due to the rapid 
45 degradation of UO2F2, timely analysis of these materials is essential when examining fuel cycle 
46 intermediates and their hydrolysis products. Similarly, the ability to visualize the spatial 
47 distribution of chemical species at the micrometer scale can provide mechanistic insight into 
48 degradation processes. 

49 Raman spectroscopy is a powerful means for identification of U(VI) phases owing to the 
50 characteristic ν1 symmetric stretching vibrational mode of UO2

2+.11, 12 The frequency of this 
51 vibrational mode is directly correlated with axial U–O bond lengths, which, in turn, are influenced 
52 by equatorial coordination and the nature of equatorial bond polymerization with respect to U(VI) 
53 centers.12 As such, distinguishing between alteration species using Raman spectroscopy is a well-
54 established methodology for nondestructive material characterization13, 14 and is recognized as an 
55 emerging technique for nuclear forensic and nonproliferation applications.15, 16 

56 Raman spectroscopic mapping provides the opportunity to interrogate chemical 
57 transformations of UO2F2 with high spatial resolution and identify particles with similar but 
58 distinct chemical composition.17 However, before using this technique, method development is 
59 required to determine instrumental parameters for the chemical phase(s) of interest. Raman 
60 spectroscopic data collection times must be minimized to preserve existing spatiotemporal 
61 information that can be extracted because of the rapid degradation of UO2F2 in ambient conditions. 
62 Similarly, U(VI) phases—especially hydrous materials—are susceptible to laser-induced phase 
63 transitions imposed by the introduction of thermal energy at the sample surface. As a result, 
64 thermal input from the Raman laser must be minimized. To explore conditions for collecting 
65 spatially resolved Raman spectroscopic data for UO2F2 and its hydrolysis products as rapidly as 
66 possible, we have taken a systematic approach. Herein, we identify the instrument parameters that 
67 maximize signal without damaging the sample and simultaneously provides the highest throughput 
68 analysis to minimize sample degradation during measurement. Although directly applicable to 
69 UO2F2, the need for instrument optimization for specific chemical species is of general interest for 
70 nuclear nonproliferation, where sample throughput and data fidelity are critical concerns. 

71 Materials and Methods 
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72 Sample Preparation. Samples of uranyl oxyfluoride (UO2F2) were prepared from stock material 
73 as received from International Bioanalytics which was stored in a desiccating cabinet to limit 
74 hydrolysis. Preliminary characterization of UO2F2 stock material was done using powder X-ray 
75 diffraction, with the collected diffractogram and measurement details in the Supporting 
76 Information (Figure S1). Particles were transferred to carbon gunshot residue tabs mounted on 
77 scanning electron microscopy (SEM) stubs and pressed flat with a spatula. Once loaded with 
78 UO2F2, the SEM stub was stored in a mylar bag with desiccant to prevent hydrolysis2, 18 of material. 

79 Instrument Optimization. To explore ideal Raman spectroscopic data collection parameters that 
80 maximize signal and minimize data collection time, we used a systematic approach involving 
81 identical measurements on different areas of the same large particle (~200 µm diameter) at various 
82 optical magnifications. Raman spectroscopic data were collected in the range of 15–1265 cm−1 
83 using a Renishaw InVia micro-Raman spectrometer equipped with a holographic notch filter with 
84 an excitation wavelength of 785 nm, 1200 lines/mm diffraction grating, which results in a spectral 
85 resolution of ~2.5–3.1 cm−1. The 785 nm source was chosen to reduce fluorescence contributions 
86 to collected spectra, which can complicate spectra when shorter wavelengths (e.g. 532 nm) are 
87 employed. Optical magnifications of 5×, 20×, 50×, and 100× were employed (Table 1). For each 
88 optical magnification, data were collected with laser powers of 0.1%, 0.5%, 1%, 5%, 10%, and 
89 50% achieved with neutral density filters applied to the 300-mW diode laser. At each 
90 magnification and laser power, exposure times of 0.1, 0.5, 1, 2.5, 10, and 25 s were investigated. 
91 Since one goal of this work is to significantly reduce analysis time, all spectra are one accumulation 
92 of data. To minimize variability related to potential sample heterogeneity, all datasets were 
93 collected on a single large particle of UO2F2. At each optical magnification, the sample was 
94 initially brought into focus, and focus adjustments were limited during measurements to reduce 
95 variations in signal intensity related to differences in beam attenuation on the sample surface. 

96 Table 1. Microscope objectives used in this work.

97

98 Mapping Measurements. Three Raman spectroscopic maps were generated for an area of the 
99 prepared sample that is 250 μm in width and 182 μm in height, with a resulting resolution of 

100 0.76 pixels/μm. The first map was collected with standard mapping capabilities and a point source 
101 using a 785 nm excitation wavelength over ~16 h, with a total of 5063 spectra acquired. Each 
102 collected spectrum is the sum of five accumulations of data, with each accumulation resulting from 
103 a 2.5 s exposure time. The second map was also collected using a 785 nm excitation wavelength 
104 and contains 5063 spectra. However, based on results from instrument optimization discussed in 
105 the following section, we collected only a single accumulation of 1 s of data to minimize 

Objective 
Magnification Numerical Aperture Working Distance 

(mm)
Leica 5x 0.12 14
Leica 20x 0.40 10.8
Leica 50x 0.50 8.2
Leica 100x 0.85 0.33
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106 acquisition time with resulting data collection occurring over ~1 h 45 min. A final map was 
107 collected using a line scan capability within the Renishaw Wire software package, again with 
108 instrument parameters informed by optimizations described in the following section. The resulting 
109 map, also containing 5063 spectra, required only ~6 min to collect with a 0.1 s exposure time, 1% 
110 laser power, and a single accumulation of data for each point. 

111 Data Treatment. Collected Raman spectroscopic data for each combination of laser power, 
112 exposure time, and magnification were imported to the OriginPro Software Suite. To determine 
113 the influence of laser power and exposure time on obtained Raman signal, we first determined 
114 instrumental noise associated with each dataset by calculating the standard deviation on data 
115 collected in the range of 500–550 cm−1. This range was chosen as the instrumental noise interval 
116 since UO2F2, and its hydrolysis products are Raman-silent in this region. Initially, we divided the 
117 observed spectral intensity at 915.88 cm−1, which corresponds to the ν1 symmetric stretching 
118 vibrational mode for UO2

2+ in UO2F2,19, 20 by the instrumental noise to obtain a quantitative 
119 measure of observable signal-to-noise (S/N), for each experimental variable. We also investigated 
120 S/N1/2 normalization to highlight the importance of normalization scheme on obtained signal.  

121 Raman spectroscopic maps were analyzed using a bespoke Python script. This script used 
122 the Renishaw File Reader (Renishaw WiRE) Python package to access .wdf files from the 
123 instrument.21 The script automatically identifies if the selected file is a “Static” (point scan) or 
124 “StreamLine” (line scan) type and imports the data accordingly. Data are truncated to the range of 
125 15–1150 cm−1, cosmic rays were removed, and then the spectra were  subjected to a rough intensity 
126 normalization by subtracting the mean intensity of each spectrum between 1000 cm−1 and 
127 1100 cm−1. Cosmic ray removal was performed using a modified Z-score approach.22 The peak 
128 intensities were considered approximate to the max intensity between a user-defined range. 
129 Selected signals, as well as the white light sample image, were mapped using the Matplotlib Python 
130 library. The produced Raman shift map allows the user to click on the white light image or Raman 
131 map to select a pixel of interest. The selected pixel is marked on the white light image and Raman 
132 map, and the corresponding spectrum is plotted in the bottom plane of the window. This process 
133 can be repeated, with each subsequent spectrum being marked, numbered, plotted, and then 
134 appended to a matrix for further analysis, if desired. The Python script used in this study is 
135 provided in the Supporting Information. 

136 For each dataset, maps were generated from peak intensity and intensity ratios. The 
137 intensity of features at 915 cm−1 and 865 cm−1, corresponding to the ν1 symmetric stretching 
138 vibrational mode for UO2

2+ of anhydrous and partially hydrated UO2F2, respectively,2, 20 was used 
139 to examine the distribution of these phases in our sample. Likewise, maps were generated based 
140 upon the intensity of the feature centered at 185 cm−1 as this mode is also attributable to motion of 
141 the UO2

2+ unit.20 A feature centered at 260 cm−1, corresponding to the Eg mode of uranyl polyhedra 
142 in anhydrous UO2F2, was also mapped.20 Intensity ratio maps, which compare the 865 cm−1 and 
143 915 cm−1 UO2

2+ modes of hydrous and anhydrous UO2F2, respectively, were also generated. 

144 Results and Discussion 
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145 Avoiding Laser-Induced Phase Transformations. To ensure that the sample of UO2F2 was not 
146 undergoing chemical transformation resulting from thermal input from the Raman laser,5 we first 
147 performed a 0 to 1 normalization on individual collected datasets to remove intensity differences 
148 that result from variables explored in this work, including laser power and exposure time. Then, 
149 we performed principal component analysis (PCA) using the OriginPro software suite.23 Initially, 
150 we conducted PCA for each magnification separately, then, we analyzed all normalized datasets. 
151 Scree plots generated for each magnification, as well as an additional scree plot generated from 
152 PCA of all data (Fig. S2 in Supporting Information), were examined to ensure that only one 
153 principal component (PC) was contributing to spectra collected during this work. Each plot 
154 definitively indicates that no secondary component is contributing to observed spectral intensity. 
155 The first principal component (PC1) spectra (Fig. 1) for all datasets are characterized by a sharp 
156 area of intensity at ~185 cm−1, a broad peak centered at ~260 cm−1, a low-intensity mode at 
157 ~865 cm−1, and a sharp peak at ~915 cm−1. The modes at 185 cm−1 and 915 cm−1 are characteristic 
158 of anhydrous UO2F2,20 and their presence in the PC spectra indicates that signal contributions from 
159 these modes are increasing as data collection parameters are altered. The low-intensity vibrational 
160 mode at ~865 cm−1 is attributable to the axial U–O symmetric stretching vibrational mode of 
161 hydrous UO2F2, indicating that small quantities are present in our sample, with the predominant 
162 phase being the anhydrous modification. The agreement between PC spectra and those of 
163 anhydrous UO2F2 with minor contributions from the hydrate phase strongly suggests that no laser-
164 induced phase transitions are occurring. Furthermore, the lack of vibrational modes at 845 cm−1 
165 and 550 cm−1, which would be signatory of a uranyl hydroxide phase, further indicate that no 
166 chemical transformations to uranyl hydroxide are occurring as a result of laser interactions. This 
167 result is further bolstered by the singular PC indicated by the scree plots, shown in Fig. S2. 
168 Although we recognize that the lineshape of low-energy lattice modes associated with hydrous 
169 UO2F2 may be attributable to small quantities of uranyl hydroxide phases, the difference cannot 
170 be distinguished between those that may be formed by hydrolysis of hydrous UO2F2 vs. induced 
171 by laser interactions of the sample. However, the absence of characteristic uranyl stretches that 
172 would indicate hydroxide phases suggests that this contribution is minor or nonexistent. 
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173

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 UO2F2 are observed, 
176 indicating that no phases besides UO2F2 and its hydrolysis product are present.

177

178 Figure 2. Background-normalized intensity of the ν1 symmetric stretching vibrational mode of UO2
2+ in 

179 anhydrous UO2F2, normalized to noise in the range of 500-550 cm-1for each optical magnification as a 
180 function of laser power and exposure time.
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181 Instrument Optimization Figure 2 shows the background-normalized intensity of the ν1 symmetric 
182 stretching vibrational mode of UO2

2+ in UO2F2
19, 20 for each optical magnification as a function of 

183 laser power and exposure time. Datasets from which these values were determined are shown in 
184 Fig. S3 (Supporting Information). With 5× optical magnification (Fig. 2a), low S/N (described in 
185 the Data Treatment section) is observed for laser powers below 10% coupled with exposure times 
186 below 2.5 s. As exposure time and laser power are increased, an apparent increase in signal 
187 intensity is observed, with the highest signal corresponding to the longest exposure times and 
188 highest laser powers. With 20× optical magnification (Fig. 2b), S/N is greatly improved at a short 
189 exposure time (0.1 s) with high laser power (50%) relative to observations from 5× magnification, 
190 however, this observed ratio may be attributable to the dependance of noise (calculated as 
191 described in the Data Treatment section) on acquisition parameters. Notably, the signal exceeded 
192 detector capabilities at 20× magnification when 50% laser power was employed with a 25 s 
193 exposure time. When using 50× magnification, the most intense signal is observed with a 25 s 
194 exposure time and laser powers between 0.5% and 10% (Fig. 2c). A short exposure time (0.25 s) 
195 using 100× magnification provides a signal comparable with longer exposure times (2.5–25 s) and 
196 higher laser powers (0.5%–25%). Using a 50× optical magnification (Fig. 2c), a similar increase 
197 in observed intensity is seen with increasing exposure time. However, at a 25 s exposure time, the 
198 highest signal is observed using 5% laser power with a marked decrease in observed intensity at 
199 this exposure time with increasing laser power. A small area of increased signal intensity with 5% 
200 laser power and a 1 s exposure time is observed using this normalization method. Similar behavior 
201 of background-subtracted signal is observed with 100× optical magnification (Fig. 2d), where the 
202 local intensity maximum is observed at 10% laser power and a 10 s exposure time. However, a 
203 small area of elevated signal is observed at a 0.25 s exposure time and 50% laser power. 

204 To evaluate the influence of normalization method on our comparison of laser power and 
205 exposure time, we also examined signal when normalized to the square root of noise (noise was 
206 calculated as described in the Data Treatment section). This method should further decouple the 
207 S/N ratio from variability in analytical parameters by enabling observation of changes in the UO2

2+ 

208 intensity regardless of proportionality to overall signal increase. Indeed, variability in observed 
209 signal as a function of laser power, exposure time, and optical magnification is minimized using a 
210 N1/2 normalization, where little difference is seen between all optical magnifications with low laser 
211 power and short exposure times. For all magnifications, overall signal is capped at ~250 for 
212 exposure times up to 10s, and all laser powers. Suggesting that increasing laser power at short 
213 exposure times is not necessary and should be avoided to mitigate the possibility of laser-induced 
214 phase transitions. 

215 With the 5× optical magnification (Figure 3a), significant gains in signal are only seen in 
216 at the highest laser powers and exposure times, with a maximum S/N1/2 of 1400. Contrary to our 
217 observations discussed previously, where S/N was used for normalization, rather than S/N1/2, no 
218 significant gains in overall intensity regardless of laser power and exposure time are seen with the 
219 20× optical magnification, with intensity for this magnification maximized at 260 regardless of 
220 laser power and exposure time (Figure 3b).  The 50× optical magnification (Fig. 3c) however, 
221 provides a significant benefit to overall intensity at the highest laser power and exposure time, 
222 with a maximum intensity of 2009. When normalized to the square root of noise in the range of 



8

223 500-550 cm-1, similar performance of the 5x magnification is observed for the 100x magnification, 
224 with a maximum intensity of ~1550 achieved for the latter. These results indicate that depending 
225 on specific signal requirements for a given analysis, increasing laser power and exposure time may 
226 be beneficial at some optical magnifications. When striving for short exposure times that maximize 
227 sample throughput and minimize analysis time for mapping measurements, all optical 
228 magnifications provide comparable signal. 

229

230 Figure 3. Background-normalized intensity of the ν1 symmetric stretching vibrational mode of UO2
2+ in 

231 anhydrous UO2F2, normalized to the square root of noise in the range of 500-550 cm-1 for each optical 
232 magnification as a function of laser power and exposure time.

233  The overarching goal of this work is to define Raman spectroscopic data acquisition 
234 parameters that result in high-throughput mapping of UO2F2 particles, however, we also examined 
235 overall trends in signal gain based on laser fluence and exposure time (Figure 4) should readers of 
236 this work wish to maximize obtained signal while understanding energy input to their samples. 
237 Unsurprisingly, when exposure time is increased, an increase in signal is observed. There does not 
238 appear to be a predictable correlation between obtained signal and optical magnification, and 
239 resultingly, laser spot size which was approximated using (1), 

240 1).  𝜔0 = 𝜆/(2𝑁𝐴)

241 where λ is the excitation wavelength (785 nm) and NA is the numerical aperture of the objective. 
242 The 5×, 20×, 50×, and 100× objectives result in spot sizes of 3.27, 0.98, 0.79, and 0.46 µm, 
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243 respectively. Overall, highest signal intensity gains with increasing power density and exposure 
244 times are obtained using the 5× objective, with the 50×, and 100× providing intermediate signal 
245 gains with increasing exposure time and laser power. Notably, the highest signal overall is obtained 
246 using the 50× objective. Lower signal intensity is obtained using the 20× objective relative to the 
247 rest. However, as we observed in our previous discussion of the heatmaps generated using laser 
248 power, exposure time, and intensity normalized to N1/2, short exposure times and low laser powers 
249 do not significantly vary between objectives (Figure 3). 

250

251 Figure 4. Normalized intensity of the ν1 symmetric stretching vibrational mode of UO2
2+ in anhydrous 

252 UO2F2, compared to the power density and exposure time employed for measurements. 

253 Comparison of High-Resolution vs. High-Speed Spectroscopic Mapping. Figure 5 shows example 
254 Raman spectroscopic maps generated from the intensity of spectroscopic features at 865 and 
255 915 cm−1, and ratio maps of the 865 cm−1:915 cm−1 intensity with 16 h, 1 h 45 min, and 6 min 
256 collection times and an optical image of the associated mapping area. Additional maps of intensity 
257 at 185 and 260 cm−1 are shown in Fig. S4. We expect the maps created from the intensity of 
258 features at 185, 260, and 915 cm−1 to appear mostly consistent with one another at each mapping 
259 time, considering that these features are all attributable to anhydrous UO2F2. Maps generated with 
260 optimized instrument parameters and various acquisition times are compared to access the trade-
261 off between spectral sensitivity and rapid data collection.

262

263  



264

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 UO2F2.
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268 When comparing datasets collected for the 185 cm−1 feature (Fig. S4), a large particle with 
269 significant spectral contributions from this mode is observed in the upper left of the map image, 
270 regardless of collection time. An additional particle with strong 185 cm−1 contributions is seen 
271 toward the right of the image in the 16 h and 1 h 45 min datasets, with slightly diminished visibility 
272 in the 6 min dataset. Other smaller particles, which are not visible in the optical image of the map 
273 area because they are below the focal plane (Fig. S4), are also identified in the two longer–
274 collection time datasets. Although the 6 min dataset shows some intensity in the top center of the 
275 map, the longer datasets resolve multiple particles. These results are consistent for maps generated 
276 from the 260 cm−1 features, again resulting from the 185 and 260 cm−1 modes originating from 
277 structural features of anhydrous UO2F2. 

278 Some variability in map images is observed in those generated from the 865 cm−1 feature, 
279 which originates from symmetric stretching of the U–Oyl unit in hydrous UO2F2. Notably, the 16 h 
280 dataset shows significant variability in intensity throughout the large particle in the top left of the 
281 map (Fig. 5). This intensity variability is likely attributable to the variability in the extent of UO2F2 
282 hydrolysis and alteration to the hydrated species. Likewise, particles in the lower left and center 
283 right of the map display intensity variability with the 16 h collection time. With faster mapping 
284 parameters (i.e., 1 h 45 min and 6 min), these intensity variations are less visible, and only the 
285 large particle at the top left shows significant intensity contributions. Lower-intensity areas are 
286 seen, but discerning between hydrous and anhydrous material is difficult using these fast-mapping 
287 parameters, and identifying individual particles is thus more challenging. 

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

298 To gain insight into the degree of hydrolysis of UO2F2, spectroscopic ratio maps were 
299 generated, which compare the intensity of the 865 cm−1 feature with the intensity of the peak 
300 located at 915 cm−1. In resulting spectroscopic maps (Fig. 5), higher intensity indicates a higher 
301 degree of hydrolysis, and areas of high intensity should correspond to particles that are yellow in 
302 color from the optical image of the map area, according to the reported physical appearance of 
303 these two phases.24, 25 Indeed, with the 16 h map, the two particles that are expected to be composed 
304 of primarily hydrous UO2F2 are identified. Variations in the degree of hydrolysis of the large 
305 particle, as was suggested by individual feature maps, is further elucidated in the ratio map, with 
306 more significant alteration visible at the edge of the large particle. Note that this variability may 
307 also result from differences in sample height, which could result in lower-than-expected intensity 
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308 for specified spectroscopic features. Although we would expect signal intensity to vary somewhat 
309 consistently for hydrous and anhydrous UO2F2, differences in the collected signal for these two 
310 phases may be present as a function of sample height and, resultingly, laser attenuation on the 
311 sample. Ratio maps generated with 1 h 45 min and 6 min datasets are very similar to those 
312 generated over 16 h; however, evidence of the line scan method used in streamline mapping is 
313 seen in the 6 min map, with some smearing suggested by the larger appearance of the primary 
314 particle located in the top left of the map. The 1 h 45 min and 6 min maps show some broadening 
315 of features. The second particle that corresponds to hydrous UO2F2, which is observable in the 
316 16 h map, is less visible because additional areas of intensity are adjacent to the smaller particle at 
317 the center right of the map. Likewise, an additional particle is seen in the top center of the map 
318 collected in 6 min, which may be an artifact of the faster collection time and a smearing of data 
319 corresponding to two small particles, as indicated by other maps and discussed earlier. 

320 PCA was also conducted for spectroscopic maps generated over 16 h, 1 h 45 min, and 
321 6 min (Fig. 6). For the 16 h, 1 h 45 min, and 6 min datasets, PC1 (Fig. S4) accounts for 90%, 53%, 
322 and 68% of variability, respectively, and the first two PCs of the 16 h 1 h 45 min, and 6 min data 
323 result in 94%, 60%, and 73% cumulative completeness, respectively. Significant benefits of longer 
324 maps are observed during this analysis, in which the smaller hydrolyzed particle (discussed 
325 previously) is positively identified by PCA of the 16 h map and is seen in the 1 h 45 min map, but 
326 it is not detected from PCA of the 6 min map. Although a higher completeness is observed with 
327 the 6 min map relative to the 1 h 45 min map, the latter can resolve two particles in the top center 
328 of the map, whereas the 6 min dataset only detects a single particle in this region. Conversely, the 
329 6 min dataset shows more clearly the spatial distribution of larger particles. These results indicate 
330 that analysts should carefully consider the desired spatial resolution, detail of features under 
331 investigation, and reduction in analysis time when determining spectroscopic mapping parameters. 

332

333 Figure 6. PCA maps generated from (left) 16 h, (middle) 1 h 45 min, and (right) 6 min map datasets.

334 Conclusion 

335 The influence of optical magnification, laser power, and exposure time has been investigated for 
336 single-accumulation spectra of UO2F2, with results indicating that at low laser power, with short 
337 exposure times, similar signal normalized to N1/2 is observed at 915 cm−1, which is attributable to 
338 the symmetric uranyl stretching mode of anhydrous UO2F2. Using PCA and resulting scree plots, 
339 we determine that only one PC is present in all spectra, indicating that no laser-induced phase 
340 transitions are occurring during data collection. This singular component matches the spectra of a 
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341 solid-phase mixture of hydrous and anhydrous UO2F2. Following determination of optimized 
342 instrument parameters and confirmation of no alteration phases resulting from laser-sample 
343 interactions, a Raman spectroscopic map was collected over 16 h, and those data collected in 
344 1 h 45 min and 6 min were compared. We find nearly identical spectroscopic features in the 
345 1 h 45 min map when compared to the 16 h map, suggesting that with the application of optimized 
346 instrument parameters, an ~90% reduction in data acquisition time is possible with minimal 
347 sacrifice in resolution. The 6 min map, which was collected using a line-scan method, results in a 
348 99% reduction in data collection time, but it also suggests that some information loss occurs as a 
349 result of this data collection time reduction, in particular when trying to resolve individual small 
350 particles. 

351 All Raman spectroscopic maps collected using 16 h, 1 h 45 min, and 6 min data collection 
352 times provide spatially resolved information regarding the speciation of UO2F2 and its hydrolysis 
353 products, with ratio maps of hydrous to anhydrous spectroscopic features providing the most 
354 information regarding spatial distribution of solid species. These results highlight the importance 
355 of instrument optimization in selecting Raman spectroscopic measurement parameters and provide 
356 insight into differences in data quality, as related to measurement time reduction. Additional 
357 investigations into ideal instrument parameters for other chemical species relevant to the nuclear 
358 fuel cycle have the potential to significantly reduce data collection time, with limited change to 
359 data quality, and increase the speed at which the chemical form of uranium-rich species can be 
360 identified, with important implications for nuclear forensics and nonproliferation. 
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447 Supporting Information

448

449 Figure S1. Powder X-ray diffractogram collected for stock material of UO2F2 showing significant 
450 phase contributions from hydrous UO2F2. PXRD data were collected using a Proto AXRD 
451 benchtop diffractometer in Bragg-Brentano configuration with a Cu-Kα X-ray source. The known 
452 position of NIST640 standard reference material was used to conduct zero shift corrections. One 
453 second of data was collected in the range of 10-55 2° 2θ with a step size of 0.2° 2θ in attempt to 
454 limit hydrolysis of material during analysis. 
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455

456 Figure S2. Scree plots obtained from principal component analysis of Raman spectra. 
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457

458 Figure S3. Spectra collected for different areas on the same large particle of UO2F2 with 
459 different laser powers, exposure times, and optical magnifications. 
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460

461 Figure S4. Raman spectroscopic maps generated for UO2F2. Left column, 16-hour acquisition 
462 time, center column, 1 hour 45-minute acquisition time, right, 6-minute acquisition time. 


