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Abstract 

The analysis of individual micrometre- and submicrometre-sized particles collected by IAEA’s safeguards inspectors on swipe 

samples during in-field verification activities requires the implementation of a sustainable quality control system such as 

suitable microparticulate reference materials. To this end, pure and neodymium-doped uranium oxide-based microparticles 

utilising an aerosol-based particle production process were prepared. SEM/EDX measurements confirmed the monodisper-

sity of the produced microspheres as well as the incorporation of 15 mol% Nd into the compound particles. The timeline of 

structural investigations mirror the ongoing alteration of particles being stored under laboratory atmosphere. While results 

from in-SEM Raman (CEA, DAM) on microparticles after two years storage time point to the formation of  U3O8 and a minor 

fraction of schoepite phase (hydrated  UO3), in U  L3-edge XAFS after four months storage time and U  M4-edge HR-XANES 

after ten months storage time spectra (INE-Beamline and ACT station @ KIT synchrotron radiation source) mainly U(IV) 

and U(V), respectively, was observed. These results provide new insight into ageing mechanism of the microparticles after 

preparation. From these results important conclusions with respect to storage conditions and shelf life of the reference par-

ticles can be drawn. The first batch of pure U-oxide microparticles produced in Juelich was successfully certified regarding 

the isotopic composition and the U amount per particle and applied in an international laboratory exercise NUSIMEP-9.
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Introduction

A significant demand on nuclear reference materials exists 

for the maintenance of a robust quality control (QC) system, 

including instrument calibration, method development and 

proficiency testing [1]. These materials are designed for their 

specific purposes intended, e.g. for age dating and safeguard-

ing nuclear materials [1]. For instance, the Network of Ana-

lytical Laboratories (NWAL) of the International Atomic 

Energy Agency (IAEA) requests for well-designed micro-

metre- and submicrometre-sized reference particles with 

well-defined shape and size (monodispersity) to ensure the 

reliability of analytical measurements conducted on swipe 

samples collected during inspections in nuclear facilities. 

These measurements are performed by means of highly 

sensitive methods such as Large Geometry-Secondary Ion 

Mass Spectrometry (LG-SIMS), Thermal Ionisation Mass 

Spectrometry (TIMS) and Multi Collector Inductively Cou-

pled Plasma Mass Spectrometry (MC-ICP-MS) to determine 
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accurately the isotopic composition of particles collected on 

the swipe samples [2, 3]. The results inter alia are verifying 

the absence of undeclared nuclear materials and activities 

of the inspected nuclear facility.

These nuclear particle reference materials are experimen-

tally accessible by several preparation methods [4, 5]. One 

of these preparation methods is the wet chemical approach 

[5, 6]. This includes the formation of particles through the 

precipitation of an uranium compound from an aqueous 

solution by changing the pH and subsequent hydrothermal 

treatment [7]. The hydrothermal approach allows for the 

preparation of very well-designed particles in size and com-

position of high purity in milligram quantity. Very recently 

remarkable results are published in this regard by the groups 

from PNNL, Richland, US [5] and ICSM/CEA, Marcoule, 

France [6, 7].

In the safeguards laboratories of the Forschungszentrum 

Juelich a more physical aerosol-based approach is followed 

[8, 9]. This method provides very well-designed microparti-

cles individually distributed on a solid substrate. An optional 

intermediate suspension step offers a very high flexibility (i) 

to prepare particle mixtures from two or more batches, (ii) 

to increase the homogeneity of particle distribution and (iii) 

to control the number of particles on the planchets as well 

as (iv) to deposit the particles on several types of substrates, 

e.g. cotton swipes [10, 11]. Thus, Blind-(QC) samples are 

accessible which are very close to the original swipe sam-

ples collected from the inspectors.

Here, we present our recent results on the preparation of 

pure and mixed U-oxide particles using the aerosol-based 

set-up and the structural characterisation. These investi-

gations are the first step ahead towards Th- and Pu-doped 

reference materials for analytical measurements in nuclear 

safeguards. Additionally, the results allow for deeper under-

standing of shelf life and storage conditions of the reference 

microparticles.

Materials and methods

The procedure for the production and collection of micro-

particles using a Vibrating Orifice Aerosol Generator set-

up (VOAG, Model 3450, TSI Inc., USA) is described very 

briefly. Detailed information are reported by Middendorp 

et al. [8] and Neumeier et al. [9]. The set-up mainly consists 

of the aerosol generator itself, a drying column, an aerosol 

heater (Pressurised air heater, Dekati Ltd., Finland) and an 

impactor (Sturm, Austria) in which a 1 inch substrate (quartz 

discs, glass-like carbon discs or Si-wafers) is mounted to 

collect particles. For the production of pure U-oxide and 

mixed U/Nd-oxide particles a well-designed aqueous/etha-

nolic (50:50 vol.%) nitrate solution was pumped into the 

aerosol generator. By means of a vibrating Si orifice the jet 

of monodisperse aerosol droplets is generated. Supported 

by a permanent airflow the droplets are passing the drying 

column and the attached aerosol heater at T = 500 °C. In this 

part of the set-up the droplets are dried forming metal nitrate 

particles and decomposed yielding (mixed) oxide micropar-

ticles. Finally, the particles are collected on solid substrates 

that are placed in the inert impactors.

The particle size & size distribution, morphology and 

chemical composition were investigated using a FEI Quanta 

200 FEG scanning electron microscope (SEM, FEI, Ein-

dhoven, Netherlands) equipped with an energy dispersive 

X-ray spectroscopy (EDS) system. The measurements were 

performed in low vacuum mode (~ 0.6 mbar) using an accel-

eration potential between 5 and 20 kV. For the determination 

of the particle size distribution, a particle analysis software 

tool (FEI, Eindhoven, Netherlands) was employed.

The crystal structure and oxidation state of uranium was 

derived from results of in-SEM Raman and X-ray Absorp-

tion Spectroscopy (XAS) measurements.

The in-SEM Raman measurements were performed at 

CEA-DAM. Raman spectra were collected inside the SEM 

by means of a coupling device between the SEM (XL-30, 

FEI, Eindhoven, The Netherlands) and the Micro-Raman 

Spectrometer (MRS, In Via, Renishaw, Wotton-Under-Edge, 

UK). The SEM is equipped with an EDS detector and with 

software called GSR (acronym of Gun Shot Residue) for 

automated detection of microparticles whose mean atomic 

numbers are above a chosen threshold (typically 16). The 

MRS is equipped with two lasers, a 514 nm laser with a 

very small spot size (~ 1 µm) and a 785 nm laser with a 

larger spot size (~ 2 µm), but which produces lower fluores-

cence background. Laser powers were limited to ~ 0.25 mW 

in order to prevent weathering effects. U-bearing particles 

were beforehand sparsely deposited on graphite discs (drop-

by-drop deposition of the ethanol solution in which the U 

particles were dispersed). Once identified and located by 

means of the GSR, in-SEM Raman analyses were carried 

out on individual particles. Combined SEM/EDX – Raman 

system allows obtaining a triple set of data for the same 

micrometric spot: morphology of the particle (electronic 

image), elemental composition (EDS spectrum) and chemi-

cal phases (Raman spectrum).

U  L3-XAFS (E(0) U  2p3/2: 17,166 eV) measurements 

(XANES and EXAFS) have been performed at the INE-

Beamline for radionuclide research at the KIT light source 

[12]. U microparticles deposited on glass discs and covered 

by 13 µm KAPTON® sheets have been measured in total flu-

orescence yield detection mode by registering U  Lα radiation 

simultaneously by a 4-element and a single-element Vortex 

silicon drift detector. The double crystal monochromator—

fitted with a pair of Ge < 422 > crystals—has been calibrated 

by assigning the first inflection point in the rising absorption 
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edge of a standard Y metal foil to the corresponding Y 1 s 

binding energy (E(0) Y 1 s: 17,038 eV). The impinging 

radiation intensity has been recorded by an Ar filled ioni-

sation chamber at ambient pressure. U reference materials 

have been measured as pelletised, dispersed powders in 

transmission mode using 1st and 2nd ionisation chamber of 

the standard XAS set-up. The Y reference has been always 

measured simultaneously positioned between the 2nd and 

3rd ionisation chamber. In case of the U microparticles up 

to 31 scans have been accumulated and averaged in order 

to improve the signal to noise ratio of the highly dispersed 

materials. XANES spectra have been treated according to 

standard procedures (pre-edge background subtraction and 

edge-jump normalisation) using the Athena software [13] in 

order to allow for quantitative comparison.

Additionally, the U microparticles have been investigated 

by U  M4-edge HR-XANES spectroscopy carried out at the 

neighbouring ACT station of the CAT-ACT beamline for 

catalysis and actinide research [14]. Here, the incident beam 

has been monochromatised by a pair of Si < 111 > crystals. 

The energy scale has been calibrated by assigning 3725.5 eV 

to the white line maximum of the U  M4-edge HR-XANES 

obtained for a  UO2 reference sample. The uncertainty in the 

energy positions of the spectral features has been estimated 

to be about ± 0.05 eV, corresponding to half of the energy 

step size. The U  M4 HR-XANES spectra have been obtained 

using a Johann-type multianalyser crystal X-ray emission 

spectrometer. The sample, crystals, and a single diode sili-

con drift detector have been arranged in a vertical Rowland 

circle geometry. The spectra have been recorded by regis-

tering U  Mβ fluorescence radiation emitted by the sample 

as a function of the incident photon energy. The emission 

energy has been selected using the (220) reflection of four 

spherically bent Si < 110 > analyser crystals with a bend-

ing radius of 1 m, aligned at a Bragg angle of 75.36°. To 

improve the experimental resolution the active area of the 

crystals has been reduced by masks with 50 mm openings. 

The footprint of the incident beam on the sample has been 

defined by a 500 × 500 µm2 slit, additionally improving the 

experimental energy resolution (cf. Kauric et al. [15] for 

further experimental details).

Results and discussion

The particles produced by the aerosol-based process were 

thoroughly investigated in order to derive a deeper under-

standing regarding the influence of trivalent element doping 

on microparticle production process and properties of the 

microspheres. The size, size distribution, morphology and 

chemical composition, the crystal structure as well as the 

oxidation state of pure U-oxide and Nd-doped U-oxide par-

ticles investigated by means of SEM/EDS, in-SEM Raman 

and X-ray absorption spectroscopy, respectively. Since the 

aerosol-based method in Juelich is designed mainly to pro-

duce samples with individually separated microspheres the 

particles were collected over a duration of two hours on the 

same planchet in order to collect a proper number of par-

ticles on the substrate for Raman and XAS measurements.

Figure 1 depicts representative SEM micrographs of 

pure U-oxide (left) and Nd-doped U-oxide (right) parti-

cles. Apparently, the particles’ shape and size are inde-

pendent on the Nd-doping. In both batches spherical par-

ticles are produced with a mean particle size of ~ 1.2 µm in 

diameter and a narrow particle size distribution (inlet left). 

Fig. 1  Left: SEM micrographs of U-oxide microparticles distributed 

on a glassy carbon substrate, incl. a high-resolution SEM image of an 

individual particle. Inset: Particle size distribution of collected par-

ticles. Right: SEM micrograph of individual U/Nd-oxide microparti-

cles incl. particle size determination; Inset: EDS measurements on U/

Nd microparticles
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The EDS spectrum (inlet right) confirms the presence of 

15% Nd as expected in the mixed particles.

For structural investigations, the implementation of 

the combined SEM/Raman set-up is necessary as U-bear-

ing particles are hardly identified by means of the opti-

cal microscope of the MRS and, moreover, may be con-

founded with the numerous environmental particles which 

accidentally deposit on the discs.

Figure 2 (right) shows the SEM micrograph of acci-

dently agglomerated U-oxide particles and the in-SEM 

Raman spectrum (left) carried out on individual particles. 

Determined Raman bands have been matched to previously 

observed reference values. Measured peak centres mainly 

match known stretching vibrations of  U3O8 or are at least 

in their range (Table A1, Supplementary). The character-

istic triplet feature between 300 and 500 cm−1 of  U3O8 is 

clearly visible, along with a broad band at ~ 750 cm−1 and 

a medium weak band at ~ 800 cm−1. These measured wave-

numbers are in good agreement with data reported in the 

literature for  U3O8 [10, 1S-10S]. Besides, a weak band is 

also observed at ~ 450 cm−1, which may correspond to pres-

ence of a minor  UO2 phase [11S,12S] and a strong band 

at ~ 830 cm−1, which is characteristic of hydrated highly oxi-

dised U-oxide compounds like schoepite [13S-15S] due to 

the storage time of about two years. It should be mentioned 

that the intensity of the latter band varies significantly from 

Fig. 2  Left: Background subtracted Raman spectrum of an individual U-oxide particle stored for two years under laboratory atmosphere. Modes 

are fitted and wavenumbers highlighted. Right: SEM micrograph of the measured agglomerate of particles

Fig. 3  Left: Normalised U  L3-XANES spectra of U (black solid line) 

and U/Nd (grey dashed lines) microparticles deposited on glass discs 

in comparison to U reference compounds (spectra vertically shifted 

for clarity). The vertical dashed line indicates the position of the 

white line maximum obtained for  UO2 (17,177.72 eV) and the verti-

cal solid line that obtained for schoepite (17,179.73 eV). The sample 

was stored for four months under laboratory atmosphere before meas-

urement. Right: Normalised U  M4 HR-XANES spectra of U micro-

particles deposited on a glass disc (black solid line) in comparison 

to U reference compounds. The vertical dashed line A indicates the 

WL position obtained for  UO2 (3725.5 eV), lines B and C mark spec-

tral features characteristic for uranyl-type species as in schoepite or 

metastudtite. The sample was stored for ten months under laboratory 

atmosphere before measurement
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one spectrum to another. No band is visible at ~ 630 cm−1, 

which is the dominant Raman band of  U4O9 [11S].

Figure 3, left depicts a comparison of the normalised U 

 L3-XANES spectra obtained for U and U/Nd microparticles 

and oxidic U reference compounds—U(IV)O2,  U3O8 (data 

originally published in Böhler et al. [16]) and schoepite 

(hydrated  UO3 with U(VI) present in the uranyl moiety 

[U(VI)O2]
2+). The latter spectra have been vertically shifted 

for clarity. The positions of the most prominent resonance 

(‘white line’, WL) corresponding to  2p3/2 → 6d transi-

tions of the excited core electron coincide for the micro-

particle samples at ~ 17,177.7 eV, in line with the value of 

17,177.72 eV obtained for  UO2. The absence of the char-

acteristic multiple scattering feature visible as a shoulder 

at the WL high-energy flank in case of uranyl (like schoe-

pite) or uranate species (not shown) points to the absence 

of U dioxo-moieties in the microparticles. However, those 

might exist as minority species not detectable by the limited 

energy resolution of the standard  L3-edge technique (< 5%). 

At the given signal to noise ratio, significant differences 

between U and U/Nd microparticles (grey dashed lines) 

are not discernible from these measurements. The average 

oxidation state of U in the microparticles seems to be lower 

compared to that in  U3O8 (a non-stoichiometric U(V)/U(VI) 

oxide characterised by the absence of uranyl species, WL 

maximum at 17,180.9 eV) and schoepite (WL maximum 

at 17,179.73 eV). However, note the WL position anomaly 

in case of the latter compound due to the charge transfer 

effect of the axial, closely bond ‘yl’-oxygen neighbours, 

which might explain the WL position shift to lower energy 

observed for schoepite compared to  U3O8.

Detailed analysis of the U  L3-EXAFS data obtained for 

the U microparticles will be discussed in a forthcoming 

publication.

Complementarily, Fig. 3, right depicts the U  M4 HR-

XANES spectra (normalised to their WL maxima) obtained 

for the pure U microparticles and the oxidic U references 

U(IV)O2, U(V,VI)3O8, metastudtite (with U(VI) present 

in the uranyl moiety as in schoepite, data originally pub-

lished by Vitova et al. [17] and BiU(V)O4 (a cubic, fluorite-

type U(V) phase, data originally published by Popa et al. 

[18]). The pronounced WL in the HR-XANES spectrum of  

U(IV)O2 at 3725.5 eV is due to dipole-allowed electronic 

transitions from the uranium  3d3/2 core level to the unoc-

cupied 5f states (dashed line A in Fig. 3, right). Due to the 

superior energy resolution of the  M4-edge HR-XANES tech-

nique, this spectral feature is highly sensitive to the U oxida-

tion state or mixtures thereof. Note that the WL positions 

of the higher-valent U species are shifted by ~ 1.5 to 1.7 eV 

to higher photon energies, with metastudtite exhibiting the 

highest value. Moreover, additional spectral features on the 

WL high-energy side (dashed lines B and C in Fig. 3, right) 

are characteristic for the presence of ‘yl’-oxygen bonds as 

in schoepite or metastudtite (cf. [19] for details). Comparing 

the U  M4 HR-XANES obtained for the U microparticles to 

the reference compounds in Fig. 3, right, one can conclude 

that U in the particles is mostly present in pentavalent state 

with fluorite-type coordination. Those species coexist with 

small admixtures of U(IV)O2 and uranyl-type species (cf. 

shoulder in the rising edge at the U(IV) WL position and 

uranyl features at 3729.0 eV and 3732.6 eV, respectively). 

The latter underpin the presence of schoepite that was 

observed in Raman measurements.

At a first glance the results from Raman and XANES 

measurements seem to be quite contradictory. However, the 

data sets recorded at different time intervals after the origi-

nal particle synthesis together with the existing literature 

allow for a conclusive interpretation of the spectroscopic 

observations. The pristine particles are produced from dried 

U-nitrate droplets by decomposition in an aerosol heater at 

500 °C. Higgs et al. [20] published a U–O phase diagram 

showing a stability field of coexisting  U4O9 (U(IV)/U(V)) 

and  U3O8 (U(V)/U(VI)) at temperatures above 507 °C which 

is comparable to the settings of the particle production pro-

cess. However, our initial  L3-edge XANES measurements 

performed on “freshly” produced particles clearly indicate 

the predominance of U(IV) species in the particles. Note that 

the spectral shape (WL and post-edge resonance) observed 

for the particles clearly differs from that obtained for the 

fluorite-type  UO2 reference, pointing to a different molecu-

lar structure of both U compounds. In contrast to that, the 

6 month later obtained  M4-edge XANES measurements indi-

cate a gradual U oxidation with the predominance of U(V) 

species. In contrary, the Raman results point to the forma-

tion of a  U3O8 phase with minor fraction of hydrated  UO3 

(schoepite). Raman spectroscopy is surface sensitive as the 

laser beam penetrates only a few tens of nanometres into the 

sample, particularly if the materials consist of heavy metal 

ions such as U. Since the particles’ surface oxidises and 

weathers by adsorbing water molecules over time a  U3O8 

particle crust containing traces of schoepite is formed while 

the ageing process of the inner part of the particles is kineti-

cally hindered. In XANES measurements the entire volume 

of the particle contributes to the data collection. Thus the 

mixed oxidation state of the U(IV) and U(V) of the inner 

part of the particle material dominates the XANES results.

Conclusions

Well-defined micrometre-sized U-oxide-based particles are 

accessible by the aerosol-method established in Juelich. In 

Raman measurements, a  U3O8 structure was observed for 

pure U-oxide particles whereas the XANES measurements 

suggest mainly U(IV) (in  L3-edge measurements) and U(V) 

(in  M4-edge measurements) with traces of schoepite and 
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 UO2 detected by the latter method. This difference could be 

mainly explained by surface ageing/weathering effects of the 

particles being in contact with humidity of the surrounding 

environment. The observation of U(IV) in rather “freshly” 

prepared particles utilising the aerosol-based method was 

not published so far. From these results important conclu-

sions can be drawn regarding the stability of particles in 

dependence on their storage conditions, i.e. in inert, humid-

ity free atmosphere. A specific comprehensive shelf life 

study is in preparation.

The applicability of pure U-oxide particles as reference 

materials for analytical measurements has been recently 

demonstrated. The first batch of these microparticles has 

been successfully certified regarding the isotopic composi-

tion and the amount U per particle [21] and was utilised 

as reference materials in an international inter-laboratory 

exercise NUSIMEP-9 (NUclear Signatures Inter-laboratory 

Measurement Evaluation Programme) [22].
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