Fabien Pointurier 
email: fabien.pointurier@cea.fr
  
Colas Lelong 
  
Olivier Marie 
  
Study of the chemical changes of µm-sized particles of uranium tetrafluoride (UF 4 ) in environmental conditions by means of micro-Raman spectrometry

Keywords: 

The purpose of this work is to determine how long UF4 in micro-particles can be detected after release in the environment, what the degradation products are and what are the parameters which mostly lead to degradation of UF4. For this, Raman spectra of UF4 µm-sized particles (typical diameters ∼5 µm) stored in various conditions (humid or dry air/argon, without or with UV light, 20°C, 40°C, 80°C) were monitored by micro-Raman spectrometry over three months. The characteristic spectral signature of UF4 followed here is the very intense and broad fluorescence peak which covers the 700-1100 cm -1 region when a visible laser at 514 nm is used. This study shows that persistence of the UF4 signature in µm-sized particles released in the environment is strongly dependent on ambient conditions: typically a few days when submitted to both humid air or argon atmosphere and only intense UV light, a few weeks when exposed to a humid air or argon atmosphere in the dark, till at least several months and most probably several years, when kept in a dry atmosphere. Reaction of UF4 with water vapor ultimately leads to the formation uranyl hydroxide (schoepite) whereas exposure to both water vapor and UV light produces mainly uranyl peroxide (studtite).

Introduction

Analyses of particulate material sampled in nuclear facilities provide a lot of relevant information useful for nuclear safeguards about the processes implemented in the facilities, as a small fraction of the collected particles -with sizes typically in the hundreds of nm to the tens of µm range -may come from the nuclear materials handled or stored in the facility [1]. Among the information of interest are the chemical phases of the nuclear materials. Indeed, many different uranium compounds may be encountered in the nuclear industry [2][3][4][5][6]: several pure uranium oxides and fluorides, but also a lot of uranium-ores and ore concentrates. So the identification of the composition of a uranium compound at the micro-particle's level is of great interest as an indicator of the industrial steps and processes implemented in the facility. Yet micro-Raman spectrometry (MRS) has proven to be a well-suited analytical tool for determination of the chemical composition of µm-sized objects and notably of uranium microparticles [5][6][7][START_REF] Pidduck | Proc. Symp. Int. Safeguards[END_REF][START_REF] Kips | [END_REF][10][11][START_REF] Bonales | Raman Spectroscopy, a useful tool to study nuclear materials[END_REF][START_REF] Yomogida | [END_REF].

Amongst the uranium compounds used or produced in the nuclear industry, uranium tetrafluoride (UF4) is of great importance as it is an intermediate product in the conversion of U-ore concentrates to UF6, a key compound in the enrichment U process, and in the production of UO2 (nuclear fuel). So detecting UF4 or UF4 oxidation/degradation products in the vicinity or inside a nuclear facility certainly indicates that a conversion activity has taken place or is currently taking place inside this facility or a related one.

UF4 is an emerald green compound, non-volatile, insoluble in water and organic solvents, and, as a bulk material, is regarded as a chemically stable compound in air at ambient temperature [START_REF] Morss | The Chemistry of the Actinide and Transactinide Elements[END_REF]. However, to our knowledge, no study about chemical reactivity of UF4 microparticles in air (oxidation kinetics and parameters influencing the oxidation in environmental conditions) was ever published. Moreover, experimental Raman spectral data for UF4 are scarce and its Raman analysis proved difficult for two reasons: i) a strong fluorescence background which affects significantly the baseline of the Raman spectrum; ii) a weak Raman scattering with respect to the fluorescence background. Pointurier & Marie [5] and Pidduck et al. [START_REF] Pidduck | Proc. Symp. Int. Safeguards[END_REF] reported a weak and sharp band at ∼915 cm -1 for UF4 compounds. However, Armstrong et al. [START_REF] Armstrong | [END_REF] and later Han et al. [16] assigned this 915 cm -1 band to anhydrous UO2F2. More recently, Villa-Aleman & Wellons [17] successfully elucidated the Raman spectra of UF4 by analyzing spherical microspheres (diameter from a few µm to ∼30 µm). Thanks to the use of with two different MRS equipped with long pass edge filters and six different laser excitation wavelengths (325, 458, 488, 514, 633, and 785 nm), they detected 16 distinct and more or less weak Raman bands in the 50-600 cm -1 region.

The purpose of this work is to determine how long UF4 in micro-particles can be detected after release in the environment, what the degradation products are and what are the parameters which mostly lead to degradation of UF4. So, in this publication, we describe and give the results of an ageing experiment of UF4 particulate material in various controlled environmental conditions (three different temperatures, air or inert atmosphere, humid or dry atmosphere, with/without exposure to UV light) by means of MRS. Particles of pure UF4 with typical sizes of a few µm were sampled and deposited on graphite disks, located by means of a scanning electron microscope (SEM) and regularly analyzed for three months by MRS. The goal of this study was to determine the influence of the main environmental parameters on the alteration of UF4, to identify the compounds produced and to estimate the degradation kinetics, and so the typical time span during which UF4 can always be identified in microparticles by MRS after its release in the environment. To our knowledge, such kind of ageing study with UF4 microparticles was never published before. Vibrational Spectroscopy

Material and methods

Micro-Raman Spectrometer

The MRS used in this study (Renishaw PLC "InVia", Wotton-Under-Edge, Gloucestershire, UK) is equipped with two lasers: 514 and 785 nm with maximum powers of 50 and 300 mW, respectively. Irradiation time and laser power can be easily adjusted to find the best analytical conditions for each compound. The MRS was daily calibrated by measurement of the 520.5 cm -1 band of silicon. Data acquisition was carried out with the Renishaw "Wire 3.4" software package. Spectra were corrected from background thanks to a cubic spline interpolation algorithm and bands were identified thanks to a de-convolution algorithm.

It has been shown [18][19][20] that U chemical composition can be altered if a too high laser power is used. This is especially the case with µm-sized particles which typically contain only minute amounts (in the picogram range) of material. So a very limited laser power of ∼0.25 mW (∼0.5% of maximal 514 nm-laser power) was used. Raman signals were perfectly stable over at least one hour measurement. For daily monitoring of particles, typical acquisition time was 60 s (6 repetitions of 10 s). Laser beam was carefully focused on particles with a 100× objective.

Scanning Electron Microscope

The SEM used in this study for particle location (FEI "XL30 ESEM", Eindhoven, The Netherlands) is equipped with an EDX analyzer (SiLi detector 10 mm 2 , EDAX, Tilburg, The Netherlands). Localization of particles of interest was carried out by means of dedicated software referred to as "Gun Shot Residue" software, which automatically detects particles for which the average atomic number is above a given threshold (usually 20). Another SEM (FEI "Quanta 3D FEG", Eindhoven, The Netherlands) equipped with a microlithography device was used for creating landmarks on graphite disks by platinum deposition.

Samples

UF4 certified reference material (CRM) NBS U-17b was ordered from NBL (Argonne, USA). Total mass is ∼50 g stored in a sealed can in a dry atmosphere. A significant quantity (∼1 g) of the CRM material was analyzed by X-Ray Diffraction at CEA (Marcoule, France) and was certified to be >99% pure UF4 (fig. S1).

Particles from NBS CRM-17b were sampled by gently wiping surfaces of the container with a cotton cloth. Particles were transferred from the cotton cloth to glassy graphite disks (GGD) covered by a thin layer of poly-isobutyl-nonane by means a "vacuum impactor" device [21]. The GGDs were then stored in a dry and oxygen-free atmosphere, protected from ambient light in plastic boxes. Particles had an emerald green color and an average diameter of 5 µm (fig. S2). 20 particles per GGD were localized beforehand by SEM with respect to two landmarks (cross-shaped platinum depositions, see fig. S3) and then daily relocated in the MRS thanks to a two-point straightforward algorithm.

Typical Raman spectrum of UF4

Before starting the experiments, it is essential to define a typical signature of UF4 which can be easily monitored by MRS. As mentioned before, Villa-Aleman & Wellons [17] were the first to reliably characterize the Raman spectra of UF4 by identifying several weak Raman bands in the 50-600 cm -1 region. The MRS used in our study cannot provide spectral data below 120 cm -1 . However, detailed examination of the Raman spectrum (fig. 1) corresponding to the accumulation of twenty five 60 s-Raman spectra of UF4 particles irradiated with the 514 nm-laser shows, in addition to a very broad fluorescence peaks in the 700-1100 cm - 1 region, several very low intensity bands in good agreement the ones observed by Villa-Aleman & Wellons Vibrational Spectroscopy (Table 1). Therefore, we confirm here some of the characteristic Raman bands of UF4 reported by Villa-Aleman & Wellons [17]. By contrast, we cannot observe these low intensity bands with the 785 nm-laser because of the strong fluorescence background in the 100-500 cm -1 region produced by this NIR irradiation source (fig. 2).

Table 1

Figure 1 Figure 2 However, even with the visible laser source, the very low intensity bands can hardly be observed and only with relatively long irradiation times (>20 minutes) which were inappropriate here given the large number of particles to analyze for daily monitoring of several tens of particles. Indeed, the UF4 Raman bands mentioned above were not observed with short acquisition (60 s) Raman spectra. Therefore, the most prominent spectral characteristic considered for identification of UF4 in this study was the intense fluorescence peak observed in the 700-1 000 region with the 514 nm-laser.

It should be noted that some particles from the CRM already show evidence of partial chemical changes, through observation of a very weak band at 915 cm -1 assigned to anhydrous UO2F2 [START_REF] Armstrong | [END_REF][16].

Ageing experiments

For the ageing experiments, GGDs onto which UF4 particles were deposited were stored in plastic boxes into which different storage conditions were set. The experiments were designed to study influence of four parameters: temperature, presence of water vapor, presence of oxygen and exposure to UV light. Experiments were summarized in Table 2.

Exposure to atmospheric humidity (exp. D, E, F, K, L) was carried out thanks to a small beaker filled with water left open inside the plastic box, so that saturation pressure of water vapor was rapidly reached. Humidity is measured by means of capacitive hygrometers (Ebro, EBI 20). Relative humidity percentages (RH) are 78% and 74% at 20°C and 40°C, respectively. RH was not measured at 80°C as this temperature was out of the measurement range of the hygrometers. Dry atmosphere was maintained for some GGDs (exp. A, B, C, G, H, I, and J) thanks to addition of a desiccant (silica gel) inside the corresponding boxes. All GGDs were stored in ovens at controlled temperatures of 20°C, 40°C or 80°C. Lastly, influence of UV light at 254 nm produced by a UV lamp (6 mW over ∼300 cm 2 , corresponding to a UV index of ∼8) was studied for UF4 particles stored in a dry argon atmosphere (exp. J) or in a humid argon atmosphere (exp. K). It should be noted that the GGD of exp. A played the role of reference sample (dry argon atmosphere, no UV light, 20°C).

Table 2

Each working day for several weeks, the GGDs were removed from their storage boxes and 10 chosen particles from each sample were systematically relocated within the MRS and analyzed with the same analytical conditions (i.e. ∼0.25 mW, 514 nm-laser, 6 repetitions of 10 s in the spectral range 100-1 200 cm -1 ). Immediately after analysis, each GGD was replaced into its storage box. A schematic representation of the experiments is given in fig. 3.
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Results

Effect of temperature, UV light and O2 in a dry atmosphere

Daily Raman analyses of ten particles from each one of the samples stored in a dry (presence of desiccant) and inert atmosphere (argon) at 20°C, 40°C and 80°C without UV light (exp. A, B, C respectively) and with exposure to UV light at 20°C (exp. J), show absolutely no evolution of the UF4 Raman spectra for the maximal duration of the experiment, i.e. 93 days. This demonstrates the efficient airtightness of the storage boxes during the experiment and shows that UF4 microparticles are chemically stable for this time span. Similar conclusions can be drawn regarding effect of O2 in a dry air atmosphere without UV light at various temperatures (experiments G, H, and I): no changes in the UF4 Raman spectra were observed for particles which were left in dry air for the duration of these experiments (maximum 93days) at 20°C, 40°C and 80°C. This is not surprising as the same observations were made for other UF4 particles collected three years ago by means of sticky carbon tapes and stored in a dry atmosphere at ambient laboratory temperature (∼20°C): the characteristic UF4 Raman spectrum was always observed after three years of storage for these particles.

So we conclude that oxygen from air, increase of temperature till 80°C and intense exposure to UV light, applied separately or together in a dry atmosphere, have no detectable effect on the characteristic spectral signature of UF4 monitored by MRS in this study for the duration of the experiments (i.e. 3 months).

Effect of water vapor without exposure to UV light

By contrast, UF4 microparticles which were stored in a humid argon atmosphere at 20°C, 40°C and 80°C (exp. D, E, F respectively) and in humid air at 20°C (exp. L) showed major changes. First of all, a significant and more or less fast decrease of the area of the very broad and intense fluorescence peak centered at ∼900 cm - 1 was systematically observed in the Raman spectrum of all monitored particles from all samples, whatever the storage conditions are. Moreover, even after only one day of exposure to humidity, Raman bands assigned to other U compounds were observed concomitant to the steadily decrease of the relative area of the UF4 fluorescence peak. Different Raman bands were observed depending on the exposure time and on the temperature.

Regarding the particles stored at 20°C and 40°C in humid argon atmosphere (exp. D and E) and at 20°C in humid air (exp. L), we observed the following bands (fig. 4): i) till ∼6 days of exposure, two intense bands, at ∼715 cm -1 and ∼830 cm -1 in the uranyl ion stretching region, along with a less intense peak at ∼420 cm -1 ; ii) beyond 6 days of exposure (till a maximum of 93 days) an additional peak at ∼810 cm -1 progressively appeared and grew as a shoulder of the peak at 830 cm -1 . It should be noted that the relative intensity of the bands at ∼715 cm -1 slightly decreases with respect to the intensity of the peak at ∼830 cm -1 . Similar evolution of the Raman spectra were observed for particles stored at 20°C and 40°C. This trend was well reproducible for the ten monitored particles of each sample. However, spectral changes were obviously faster with the smallest particles, and were on average slightly faster at 40°C than at 20°C, although the smallest particles (diameters below 5 µm) stored at 20°C showed faster chemical changes than the largest particles stored at 40°C (diameters in the range 5-10 µm). Besides, no significant differences in the rate of the spectral changes was observed for particles stored at 20°C in humid air (exp. L) and in humid argon atmosphere (exp. D).

It should be noted that a few MRS analyses were made in duplicate with both irradiation sources (514 nm and 785 nm). In all cases, both spectra were in good agreement (see example fig. S4).
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Regarding the particles stored at 80°C in humid argon (exp. F), a considerable acceleration of the chemical change was observed. The very broad fluorescence peak centered at ∼900 cm -1 was no longer observed in the Raman spectrum acquired only one day after the beginning of the experiment for all of the monitored particles. The Raman bands were similar to the ones observed after one month of storage at 20°C and 40°C, i.e. two major bands in the 700-900 cm -1 region. However, the peak characteristic of the uranyl ion stretching was observed rather at ∼840 cm -1 rather than 830 cm -1 , and showed a low intensity shoulder at 810-820 cm -1 . Moreover, after only a few days of storage, the intensity of the band at ∼715 cm -1 significantly decreased and this peak completely disappeared after about 30 days of storage (fig. 5). 

Effect of water vapor in presence of UV light

Particles of exp. K were stored at 20°C in argon in presence of both saturated humidity and intense UV light. Raman spectra of monitored particles underwent fast changes, markedly different from the ones observed in the same conditions without UV light. Areas of the fluorescence band quickly decreased whereas two bands at ∼820 and ∼865 cm -1 appeared, along with a weak band (shoulder) at 830-840 cm -1 (fig. 6). The fluorescence band and the low intensity band at 830-840 cm -1 completely disappeared after 9 days of storage. Other weak bands appeared at ∼120, ∼180, ∼290 and ∼350 cm -1 . This trend was observed for all of the ten monitored particles. No significant evolution of the spectra was noticed beyond 9 days of storage in such conditions. Raman bands in the range 820-845 cm -1 for U compounds is assigned by many authors as uranyl stretching vibration for UO3 hydrates, generally referred to as schoepite [22][23][24][25][26]. This variation in the peak positions may be due the fact that schoepite is not a well-defined phase as several poly-types, may reportedly occur [27][28]. Schoepite formula is classically given as UO3⋅2(H2O) [29], as UO2(OH)2⋅(H2O) [28], or more generally as UO3⋅(2+x)H2O (x<1) [23,26]. A more recent description was given by Plasil as (UO2)4O(OH)6⋅(H2O)6 [30]. Besides, dehydrated alteration products of schoepite are also mentioned [27], mainly metaschoepite, which is defined as schoepite slightly depleted in water. Plasil [30] mentioned a structure only slightly different for metaschoepite ((UO2)4O(OH)6⋅(H2O)5), which explain that schoepite is easily transformed into metaschoepite (loss of one interlayer water molecule) under ambient conditions and the possible occurrence of both minerals.

By contrast, origin of the second intense band of the spectra at ∼715 cm -1 is unclear. No band at such frequency is reported in the literature for U oxides or U oxifluorides. However, Ohwada [31] calculated and observed an intense infrared band for lithium, sodium and strontium uranates (Li2NaO4, β-Na2UO4, β-SrUO4) between 705 and 725 cm -1 . According to the author, this band should be Raman-active and was assigned to symmetric U-O stretching vibration in (UO2)O2 2-layers (uranyl with bridging oxygens) separated by the metal atoms (Li, Na, Sr) which bind the layers. In addition, Toth et al. [32] observed an intense band at 711 cm -1 in the Raman spectrum of Na2UO4 and ascribed this band to the symmetrical stretching mode of UO2 2+ attached to other uranyl groups through the so-called oxygen bridges. Therefore, more investigations are Vibrational Spectroscopy necessary to elucidate the origin of this band. Regarding assignment of the shoulder band at ∼810 cm -1 , Mellini & Riccobono [33] carried out Raman analysis of corrosion products of metallic U and observed a medium intensity peak at 740 cm -1 and major and strong peak at 813 cm -1 which was assigned to a variety of schoepite. So it is reasonable to consider that this growing band at ∼810 cm -1 is the signature of another schoepite poly-type than the one which produces the intense band at ∼830 cm -1 . So we conclude that observed Raman spectra obtained for altered UF4 particles stored in humid conditions without UV exposure and at 20°C, 40°C and 80°C denote presence of three phases, an undetermined one referred to as phase 1 (band at 715 cm -1 ), and two poly-types of schoepite, more or less hydrated depending on temperature and humidity conditions referred to as phase 2 (band at 830 cm -1 ) and phase 3 (additional shoulder band at 810 cm 1 ). Phases 1 and 2 appeared first then phase 3. Phase 1 systematically disappeared for all investigated particles after about 30 days of storage in humid conditions at 80°C. It should be noted that the change in the chemical phase was correlated with a progressive change in color of the particle, from light green to yellow (fig. S2).

Raman band identification (humid atmosphere with UV exposure)

Exposure to UV light in addition to atmospheric humidity obviously induced different and faster chemical changes of UF4 micro-particles than without UV light. Two new compounds were observed in the Raman spectra: i) a minor schoepite phase evidenced by the uranyl stretching band at 830-840 cm -1 which was no longer detected after ∼9 days of storage; ii) a major phase which corresponded to uranyl peroxide or studtite, unambiguously characterized by major peaks at 820 cm -1 (uranyl stretching) and 865 cm -1 (O-O stretching) [5,[START_REF] Pidduck | Proc. Symp. Int. Safeguards[END_REF]22,24,25,[START_REF] Pascal | Nouveau Traité de Chimie Minérale, tome XV[END_REF]. Besides, disappearance of the characteristic UF4 fluorescence band was faster than without exposure to UV light as it could no longer be observed after ∼9 days of storage.

Parameters influencing chemical changes in UF4

Atmospheric water vapor is obviously the driving factor which alters the UF4 signature measured by MRS in experimental conditions applied in this study. In fact UF4 micro-particles underwent relatively fast chemical changes when exposed to water vapor, here about 75% humidity at 20°C and 40°C. By contrast, oxygen (from ambient air) and UV light has no significantly effect on the structure of UF4 particles stored in a dry atmosphere and in the dark for three months in the framework of this study. The most characteristic UF4 signature observed here by MRS, i.e. the fluorescence very broad peak which covers the 700-1100 cm -1 region with the 514 nm-laser, was persistent typically only a few days to a few weeks at 20°C and 40°C with strong humidity (only a few hours at 80°C). This degradation was accelerated by exposure to intense UV light. So Raman signature of fluorinated U compounds in particles might be lost quite rapidly depending on environmental conditions. Surprisingly, formation of UO2F2 was not observed in this study whereas, according to Pascal [START_REF] Pascal | Nouveau Traité de Chimie Minérale, tome XV[END_REF], UF4 should react with water and O2 as:

HF F UO O O H UF 2 2 2 2 2 1 2 4 + → + + (1)
With the following variation of the free energy:

T G T × - × - = ∆ 56 10 1 . 2 4 (kJ•mol -1 ).
Although reaction (1) is thermodynamically feasible at ambient temperature, UO2F2 is not observed, even in the case of the experiment L (humid air 20°C). It cannot be excluded that UO2F2 reacts very rapidly with water vapor and so was turned into uranyl peroxide and/or uranyl hydroxide too rapidly to be captured by our Raman analysis.

Strong increase in temperature in the range (from 20°C to 80°C) accelerated the chemical changes, although no significant difference on the rate of chemical alteration was observed when particles were stored at 20°C Vibrational Spectroscopy and 40°C. However, particle-to-particle size variations have a strong influence on the alteration rate andf may hide possible influence of a limited increase of the temperature.

Observations made in this study are consistent with the results recently reported by Kirkegaard et al. [START_REF] Kirkegaard | [END_REF] on the degradation of hydrated UO2F2 particles under humid conditions at 25°C and 35°C. The authors observed formation of uranyl peroxide and uranyl hydroxide species for relative humidity higher than 59%, whereas hydrated UO2F2 in particles was stable below 32% RH. However, our results are in contradiction with the ones published by Zhong et al. [37] who observed that Raman spectrum of UF4 (macroscopic amounts) was stable for 22 hours up to 200°C in various atmospheres (including hydrated oxygen).

It should be mentioned that chemical changes with wet atmosphere observed in our study may have been slowed down because GGD are removed from the storage vessels for each Raman analysis (about one hour out of the storage vessel) carried out in a dryer atmosphere (20-40% RH) than in the storage boxes. Therefore, chemical changes would have probably been faster is the case of "continuous" experiments, for instance thanks to a glass aperture manufactured in the vessel caps which would allow carrying out Raman analyses inside the vessels without opening them. Besides, conclusions of this study remain qualitative as only orders of magnitude of the persistence of the UF4 Raman signature at particle's level can be given. Indeed, there was a strong particle-to-particle variation of the rate of chemical changes, certainly largely depending on the particle's size and morphology. One can imagine giving an estimate of the rate of chemical changes based on peak areas, as it was done by Kierkegaard and co-workers [START_REF] Kirkegaard | [END_REF]. However, we deem it was not possible here as peak areas are highly variable between particles and even between measurements, which depend on focusing and location of the analyzed spot. Indeed, laser is roughly focused on the center of the particle, but the exact position may differ of 1-2 µm between measurements.

This study shows also clearly that particulate material sampled in the environment must be stored in a dry atmosphere, to keep a chance to identify fluorinated U compounds by MRS.

Origin of the fluorescence band

The fluorescence background for particles was observed for all particles (with sizes between ∼3 to ∼30 µm) extracted from several UF4 powdered materials of different origins: UF4 NBS-17b reference material but also UF4 materials stored in Pierrelatte nuclear center (France), in Malvesi Conversion Plant (France) and in Paris-Sorbonne University (France). In all cases, we observed a very broad peak at ∼300 cm -1 with the 785 nm (NIR) -laser and a very broad peak at ∼900 cm -1 with the 514 nm (visible) -laser. Moreover, the large fluorescence band at ∼300 cm -1 was also observed in the Raman spectra provided by Zhong et al. [37] with a 785 nm -irradiation source, and Villa-Aleman & Wellons [17] mentioned that they implemented several lasers in order to separate Raman bands from the fluorescence background. Therefore it is very unlikely that the observed luminescence is due to an impurity chemisorbed on the surface unless to admit that all materials were contaminated by the same fluorescent compound. So as to know if the fluorescence is intrinsic to bulk UF4 or is a surface effect, four UF4 large particles (30 -100 µm, referred to as particles PIE-P01, PIE-P02, PIE-P03, and PIE-P04) sampled in a powdered UF4 material stored in Pierrelatte nuclear center were analyzed by micro-Raman spectrometry before and after surface abrasion of a 20 µm × 20 µm squared area by means of a focused ion beam (FIB). Depth of the removed volumes was ∼5 µm. Examples of electronic images are given in fig. S5. Raman spectra acquired for the four particles with the 785 nm irradiation source before and after surface abrasion are given in fig. S6. Raman spectra after abrasion showed the same broad fluorescence band centered at ∼300 cm -1 . So this experiment confirms that the fluorescence is not due to chemisorbed impurities on the surface of the particles and suggests that the fluorescence is related to the bulk rather than to the surface. Interestingly, minor bands Vibrational Spectroscopy assigned to uranium oxides and to UO2F2 observed before abrasion for three particles out of four were no longer visible after abrasion, showing that oxidization is limited to depths below ∼5 µm.

Conclusion

A characteristic feature of UF4 Raman spectra, i.e. the fluorescence very broad peak which covers the 700-1 100 cm -1 region with the visible irradiation source (514 nm), was monitored by micro-Raman spectrometry over several weeks for µm-sized particles (typical diameters ∼5 µm) stored in various conditions (humid or dry air/argon, without or with UV light, 20°C, 40°C, 80°C).

This study, although of limited duration, demonstrates that UF4 in microparticles is highly reactive with water vapor even at ambient temperatures. Exposure to water vapor leads to formation of uranyl hydroxide (schoepite) and to an undetermined compound whereas exposure to both water vapor and UV light lead to the formation of uranyl peroxide (studtite). An increase in temperature (from 20°C to 80°C) significantly accelerated the reaction kinetic.

Therefore, persistence of the UF4 Raman signature in µm-sized particles released in the environment is strongly dependent on ambient conditions: a few weeks when exposed to a very humid atmosphere and even a few days when submitted to both water vapor and intense UV light, but at least three months and most probably several years, when kept in a very dry atmosphere. Particulate material sampled around or inside nuclear facilities with a view to detect fluorinated U compounds should be stored in the dark and a dry atmosphere as water vapor and UV light precludes observation of UF4 by MRS. These results must be strengthened thanks to longer experiments carried out over several years with UF4 particles stored in sealed storage vessels (with glass aperture in caps) and with various temperature, hygrometry and light exposure conditions, so as to better characterize disappearance kinetics of the UF4 signature.
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Captions of the figures

Fig. 1. Average Raman spectra for 25 particles of the NBS U-17b UF4 reference material analyzed with the 514 nm-laser (0.25 mW, sum of 25 spectra of 60 s each). The close-up in the 120-500 cm -1 region shows the very low intensity bands assigned to UF4. Baseline was subtracted for both spectra. Measurements were carried out almost every working day for three months (60 s, ∼0.25 mW, 514 nm irradiation source). Diameter of the analyzed particle is ∼5 µm. "A.U." means arbitrary units. Fig. 6. Typical Raman spectra obtained for a UF4 particle stored in argon with humidity and intense UV light at 20°C for 9 days. Measurements were carried out every working day (60 s, ∼0.25 mW, 514 nm -laser). Diameter of the analyzed particle is ∼5 µm. "A.U." means arbitrary units. Vibrational Spectroscopy Table 1. Comparison of the Raman bands detected in this study with the ones evidenced by Villa-Aleman & Wellons [17]. Only the bands above 120 cm -1 are considered. "n.d" means "not detected". Relative intensities of the bands are noted as follows: s = strong, m = medium, w = weak. "sh" means that the band appeared as a shoulder of the adjacent more intense band. 
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 2 Fig. 2. Average Raman spectra for 12 particles of the NBS U17-b UF4 reference material analyzed with the 785 nm-laser (∼0.3 mW, sum of 12 spectra of 60 s each). Baseline was subtracted.
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 3 Fig. 3. Schematic representation of the experiments carried out in this study with UF4 particles.
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 4 Fig.4. Typical Raman spectra obtained for a UF4 particle stored in argon with humidity at 20°C for 30 days (exp. D). Measurements were carried out almost every working day (60 s, ∼0.25 mW, 514 nm irradiation source) for three months. Diameter of the analyzed particle is ∼5 µm. "A.U." means arbitrary units.
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 5 Fig.5. Typical Raman spectra obtained for a UF4 particle stored in argon with humidity at 80°C (exp. F). Measurements were carried out almost every working day for three months (60 s, ∼0.25 mW, 514 nm irradiation source). Diameter of the analyzed particle is ∼5 µm. "A.U." means arbitrary units.
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 2 Experimental parameters of the ageing experiments performed in this study.

	. 17	131.4 (s)	148.5 (w-sh)	170.4 (m)
	This study		130 (s)	n.d.	168 (s)
	Ref. 17	197.3 (w)	255.8 (m-sh)	296.1 (s)
	This study		n.d.	258 (m)	297 (s)
	Ref. 17	322.4 (w-sh)	360.8 (w)	603.6 (w)
	This study	321 (w-sh)	370 (w)	n.d.
	Experiment T(°C)	Atmosphere		UV exposure
	A	20	Argon, dry		Dark
	B	40	Argon, dry		Dark
	C	80	Argon, dry		Dark
	D	20	Argon, H2O saturated	Dark
	E	40	Argon, H2O saturated	Dark
	F	80	Argon, H2O saturated	Dark
	G	20	Air, dry		Dark
	H	40	Air, dry		Dark
	I	80	Air, dry		Dark
	J	20	Argon, dry		UV light
	K	20	Argon, H2O saturated	UV light
	L	20	Air, H2O saturated	Dark

Fig. 6