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Abstract:

Maintaining the superior performance of new analytical 
instrumentation and pushing the boundaries of ever-
smaller particle analysis by methods such as secondary 
ion mass spectrometry (SIMS) has become limited by the 
availability of certified particle standards for calibration, 
quality control, and validation. To meet this growing 
demand for a  reliable and universal approach to the 
generation of uranium particle reference material, the 
Pacific Northwest National Laboratory (PNNL) and 
Savannah River National Laboratory (SRNL) are 
collaborating on a joint venture that establishes a number 
of chemical pathways to the fabrication, purification, and 
stabilization of uranium particle material to within a fixed 
particle size range, and well-characterized isotopics. PNNL 
particle standards are designed and tailored to meet the 
criteria essential to the calibration and benchmarking of 
instruments used in both the non-destructive and 
destructive assay of particulate material, typically collected 
from environmental swipe sampling. Previous testing and 
optimization of this colloidal approach to particulate 
material has centred on tight size distributions, singular 
composition and density, uniform morphology, and tailored 
isotopic abundances. Extensive validation of this material 
has since been performed, both at the National Institute of 
Standards and Technology (NIST) and the International 
Atomic Energy Agency (IAEA), demonstrating its suitability 
for quality control needs of large geometry (LG)-SIMS 
analysis. Building on this momentum, the production of 
low-enriched uranium particle reference material, with 
specially tailored isotopics, has moved from development 
to full operation. Herein, various aspects of the production 
cycle will be discussed, including detailed accounts of the 
technical methodologies being employed, as well as 
insights into the sample characterization and acceptance 
testing requirements.
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1. Introduction

Trace analysis of particulate material collected on environ-
mental swipe samples has long been a cornerstone in the 
IAEA’s process of verifying member state compliancy as 

part of the Non-Proliferation Treaty (NPT).1 The swipe sam-
ples collected by inspectors are taken from the surround-
ing environment within a nuclear site and then subjected to 
two common forms of measurement, namely bulk and dis-
crete analysis. In the first case, the entire cotton swipe is 
digested and analysed with respect to U, Pu, and other el-
ements present at ultra-low concentration levels. The latter 
approach takes aim at the precise isotopic analysis of indi-
vidual U- or Pu-containing particles, with sizes ranging 
from 1-10 µm typically observed. Discrete analysis of indi-
vidual particles generally entails the use of both scanning 
electron microscopy (SEM) and SIMS, both of which are 
regarded as non-destructive for swipe samples, as the 
swipe is not destroyed as part of the sample preparation 
process. By contrast, a swipe is completely consumed by 
bulk analysis using a combination of high-temperature 
ashing and acid digestion. While many different isotopic 
standards, commonly referred to as certified reference 
material (CRM), are available for destructive forms of assay, 
notably thermal ionization mass spectrometry (TIMS) and 
inductively coupled plasma mass spectrometry (ICP-MS), 
particle standards for SIMS analysis are far less common 
and more difficult to produce.2

In recent years, the IAEA has had limited success in main-
taining a steady supply of particle-based standards from 
the European Commission - Joint Research Centre, Direc-
torate G – Nuclear Safety and Security, Unit G.2 for Stand-
ards for Nuclear Safety, Security and Safeguards (JRC-
Geel, formerly IRMM), mainly due to the fact that certified 
particle standards are atypical products for both IRMM, 
and the New Brunswick Laboratory (NBL) in the US. Be-
cause the IAEA requires a longer-term strategy for particle 
standards supply, production methods have been pursued 
at the Forschungszentrum Jülich (FZJ),3 as well as by sev-
eral other member states partnered to the Network of An-
alytical Laboratories (NWAL).4-6 While many different tech-
nical approaches are being developed, all are constrained 
by the same stringent requirements necessary for useful 
particle standards for SIMS analysis. As an example, tech-
niques for the generation of uranium-bearing particles 
should provide uniform particle morphology and density, 
narrow particle size distributions (~1 µm), singular chemical 
composition (oxides preferable), tailorable isotopic profiles, 
and a demonstrated shelf-life of 1 year or more. Additional 
factors to be considered range from the relative structural 
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integrity of the particles subjected to mechanical forces 
such as sonication or micro-manipulation, to estimates on 
the rate of U leaching in different storage media.7 Of para-
mount importance is the ability of any proposed technique 
to continually produce unbiased, isotopic uniformity in 
each batch of material. By their very nature, particles can 
easily migrate through an environment and deposit across 
surfaces, which is the premise behind environmental 
swipe sampling. Consequently, steps to mitigate particle 
cross-talk must be fully integrated with the design and 
production of particle reference materials.

To this end, a new method and system of producing UO2 
particle reference material of a prescribed isotopic profile is 
described herein. This work is the culmination of collabo-
rative efforts between PNNL and SRNL, under the support 
of the National Nuclear Security Association and the Unit-
ed States Support Program to the IAEA. The systematic 
approach laid out in this paper begins with the detailed 
formulation and blending of CRM to generate uranium ma-
terial of a desired isotopic composition, followed by chem-
ically transforming it into a suitable precursor form for col-
loidal synthesis. A  tailored synthesis protocol for the 
generation of UO2 particulate is then introduced, including 
parameters to optimize the technique for specific IAEA re-
quirements. Finally, a thorough characterization of particle 
properties, including crystallinity, size, shape, and density, 
is reported. Further, an isotopic evaluation is performed by 
LG-SIMS, the mass spectrometry technique for which the 
particles were originally designed. It is hoped that the 
combined efforts of PNNL and SRNL reported herein 
demonstrate the viability of this new production process 
and its potential for delivering uranium oxide particles 
sourced from current CRM and tailored to the stringent 
criteria necessary for particle reference materials.

2.	 Uranium Feedstock Formulation

2.1	 Isotopic Mixing

New QA/QC particulate reference materials may require 
the formulation of a unique uranium isotopic composition 
with a specific composition of four U isotopes (i.e. 234U, 
235U, 236U, and 238U). For example, new reference materials 
may be designed to validate specific environmental sam-
pling scenarios representative of typical nuclear opera-
tions, such as uranium enrichment and spent fuel repro-
cessing, among others. Manufacture of the desired 
uranium isotopic composition requires the mixing of urani-
um starting material with precisely known isotopic content, 
such as CRMs. CRMs are available commercially from 
multiple international organizations, both in Europe and the 
US, and have well-documented and published values for 

each uranium isotope. Development of the specific mixing 
recipe for a new QA/QC material involves the reconciliation 
of available CRM feedstock, their respective expense of 
procurement, and a desire to minimize the number of 
CRMs used in a formulation.

Choosing a combination of isotopic standards to incorpo-
rate under the specified constraints can be categorized as 
a convex optimization problem,8 which can be solved in 
a variety of ways. In the optimization of isotopic standard 
mixing, we seek the best way to combine a set of n refer-
ence materials to meet a set of conditions set by the QA/
QC material end user (i.e. the IAEA). These constraints are 
concerned with the content of 234U, 235U, and 236U and the 
balance of 238U. Note that minimizing the computational 
power necessary to solve the problem is an important 
consideration, as well as reducing the number of stand-
ards used within the mix. Additionally, a range of ratios 
must be considered for all possible CRM combinations. To 
date, several methods have been used to generate permu-
tations of all possible mixes of uranium certified reference 
materials. Described below is the method utilized by initial 
work in this topic.

The primary method used was a brute force R-based pro-
gram that created arrays to represent each standard. 
These were combined into matrices that were multiplied 
by a content matrix. The content matrix contained four col-
umns that matched an isotopic composition value to each 
standard in the array. This multiplication generated a list of 
possible solutions, and such multiplications were per-
formed over the entire problem space. Certain constraints 
were applied to the problem to generate a set of solutions. 
Figure 1 provides a visual representation of the possible 
combinations of all US commercially available uranium 
CRMs limited to combinations of ≤3. For convenience, this 
plot is labelled in terms of the 235U enrichment, the 236U 
concentration, and the 235U/234U ratio. The data points rep-
resent >106 individual CRM combinations varied in both 
CRM selection and their ratios. In practice, we have found 
the 3D representation to be valuable in rapidly determining 
potentially impossible U isotopic composition targets. The 
solutions were manually screened, and <10 viable recipe 
candidates were selected based on factors mentioned 
previously. This method did not take advantage of pro-
grammatic methods to reduce problem complexity and 
improve computational efficiency. The selected CRM mix-
ing recipes were always checked against two separate in-
dependent review calculations to verify the numerically ac-
curacy. We found that a subsequent iterative discussion 
between the various stakeholders was invaluable to vali-
date and down select the proposed recipes (plus their re-
spective isotopic composition) to a single mixture.
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Figure 1: 3D plot of approximately 106 data points representing 
potential combinations of ≤3 CRM mixture isotopic compositions 
in terms of 235U enrichment, 236U concentration in ppm, and the 
235U/234U ratio. Colours are for 3D illustrative purposes only.

Note that due to the proprietary nature of new QA/QC 
specimens for nuclear safeguards proficiency testing, 
feedstock and micrometre particle syntheses are dis-
cussed in a  manner agnostic to specif ic isotopic 
compositions.

2.2	 Chemical Manipulation

CRMs were obtained from the US Department of Energy, 
NBL Program Office. The mixing ratio and identity of spe-
cific CRM combinations was determined by the calculation 
method detailed earlier in this publication. The overall syn-
thesis scheme is shown in Figure 2, which demonstrates 
the generic formulation of metal and/or oxide CRM feed-
stocks into a uranyl acetate product with tailored uranium 
isotopic content. Mixing of CRMs and subsequent synthe-
sis of uranyl acetate were typically done on the gram scale 
to ease physical laboratory manipulations and minimize 
routine sources of measurement errors, such as with bal-
ances, pipettes, etc.

A typical uranyl acetate feedstock preparation starts with 
the dissolution of the CRMs, which are either uranium ox-
ide or metal. Uranium metal rods are broken into pieces 
and placed in 8 mol/L HNO3 to remove the oxide layer. Af-
ter 30 minutes, the pieces are removed, rinsed with water 
and acetone, dried, and weighed.9 The pieces are then put 
into a fresh solution of 8 mol/L HNO3 to dissolve and form 
uranyl nitrate (UO2(NO3)2∙xH2O). The U3O8 CRMs are heated 
at 400 °C for 2 hours to drive off water in accordance with 
recommended practices. After cooling, the U3O8 was 
weighed and dissolved in 8 mol/L HNO3 with heating at 
60 °C to generate a second uranyl nitrate solution.

Portions of the two uranyl nitrate solutions were mixed 
based on a  previously calculated recipe to generate 

a uranyl nitrate solution with the desired isotopic composi-
tion. The product was subsampled and analysed by TIMS 
to verify the isotopic composition. The uranyl nitrate solu-
tion was heated at between 80 °C and 100 °C until dry-
ness to form a nitrate solid salt of the isotopically mixed 
crystalline hydrate. Next, uranyl nitrate was heated at first 
at 120 °C to remove water and then at 400 °C for 2.5 
hours to generate the gamma phase of UO3.

10 The UO3 
was allowed to cool before being weighed and then a so-
lution of dilute acetic acid was added and heated to 50 °C. 
The material dissolves and upon evaporation precipitates 
as uranyl acetate, which was filtered and washed first with 
cold dilute acetic acid and then with water.11

The isotopically mixed uranyl acetate product was charac-
terized by Raman spectroscopy, fluorescence spectrosco-
py, and powder X-ray diffraction (PXRD) to verify the mate-
rial phase and identify any other potentially undesirable 
chemical phases (e.g. schoepite, uranyl carbonate, etc.). 
Once the acetate material phase was confirmed, the prod-
uct was subsampled again and analysed with TIMS to 
confirm isotopic content. Uranyl acetate slowly degrades 
in ambient conditions by reaction with atmospheric mois-
ture, and therefore, all product was stored in nitrogen-
purged containers within double mylar containers that in-
cluded desiccating capsules. All laboratory workspaces 
were rigorously cleaned between before and after synthe-
sis of the CRM mixed uranyl acetate product to avoid con-
tamination between batches.

Figure 2: Prototypical chemical reaction and manipulation 
pathway for the dissolution of various CRMs, their mixing, and 
subsequent synthesis of uranyl acetate with predefined isotopic 
composition.
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3.	 Production & Processing of UO2 Particle 
Standards

3.1	 Reaction Procedure

A facile hydrothermal route for the phase-controlled syn-
thesis of highly crystalline UO2 particles was developed 
and tailored to meet the desired characteristics needed for 
the milligram synthesis of particle standards. The tech-
nique can be described as a scalable batch reaction, 
which offers greater batch-to-batch repeatability and can 
be easily tuned to vary the material yield within the order of 
a few milligrams, all the way up to 200 mg. Hydrothermal 
synthesis is a well-established method of synthesizing col-
loid particles using a combination of high temperature and 
pressure.12 In this way, reaction mechanisms not achieva-
ble at standard temperature and pressure can be per-
formed within the confinement of a Teflon-lined pressure 
vessel, as shown in Figure 3. The specific method de-
scribed herein uses organic amines as both reducing 
agents and structure-directing ligands, further simplifying 
the synthetic procedure. In its acetate form, uranyl ions are 
found to readily complex with ethylenediamine, which then 
undergo a thermolysis reaction that triggers the nucleation 
and growth of UO2 crystals. In using a sealed reaction ves-
sel during heating and synthesis, considerations for safe 
operation and handling of radioactive material are stream-
lined, adding multiple layers of containment and providing 
a simple means of mitigating any batch-to-batch “cross-
talk” between particles of different isotopic profiles.

For this study, UO2 particles were synthesized by the fol-
lowing protocol: 0.05 mmol (20 mg) of uranyl acetate 
(UO2(CH3COO)2·2H2O) and deionized water (15 mL, 0.833 
mol) are mixed to form a homogeneous solution under vig-
orous stirring. Once the uranyl acetate is completely dis-
solved, 8.5 mL of glacial acetic acid (CH3CO2H, 0.15 mol) 
is added and stirred for 20 minutes. To this yellow solution, 
5 mL of ethylenediamine (C2H4(NH2)2, 75 mmol) is added 
dropwise under continuous stirring for 20 minutes. After 

the potential of hydrogen (pH) equilibrates, a surfactant 
can be added to the solution as an additional growth-di-
recting agent. The resulting solution is then sealed in a 25 
mL Teflon-lined, stainless-steel autoclave and heated at 
160 °C for 48 hours. After the heating step, the reaction 
vessel is cooled to ambient temperature, and the final 
product is washed with deionized water and isopropanol 
several times using bath sonication and centrifugation 
(4250 rpm) before being stored over isopropanol. A mini-
mum of 5-7 washing steps are required to remove trace 
amounts of organic residue on the surface of the particles. 
Prior to washing with isopropanol, a 15-minute dilute ace-
tic acid (0.1 mol/L) wash under bath sonication is per-
formed to ensure the removal of any trace amounts of sch-
oepite (discussed below).

3.2	 Hydrothermal Synthesis

Under ordinary circumstances, UO2 production for nuclear 
fuel comprises a series of chemical modifications followed 
by high-temperature annealing (>700 °C) of UO3 under hy-
drogen atmosphere. While efficient, the process takes 
considerable effort and no small degree of risk when deal-
ing with explosive gases. A hydrothermal synthesis, on the 
other hand, is a simple water-based approach that exploits 
the reduced nucleation threshold of crystalline UO2 materi-
al when under pressurized conditions. By carefully control-
ling the starting conditions of the hydrothermal synthesis, it 
is possible to optimize the reaction further. One such opti-
mization involves the reduction of schoepite, a hydroxide 
species that typically forms under basic conditions, in 
a range of pH 8-12. Schoepite has a characteristic two-di-
mensional morphology—distinct from the spherical shape 
of UO2 particles—, which is correlated to its layered crystal 
structure that is comprised of alternating layers of uranium 
oxide and a hydrated hydroxide species of uranyl oxide. 
This phase of uranium has an undesired geometry, poor 
stability in ambient conditions, and a lower density than 
pure oxides of uranium (e.g. UO2). While schoepite can be 
removed by bath sonicating dispersions in dilute acetic 

Figure 3: Hydrothermal reaction vessel comprised of a Teflon insert encased in a stainless-steel housing and the prototypical chemical 
reaction scheme for the synthesis of UO2 particles.
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acid, the UO2 fraction is inadvertently damaged by surface 
etching. In a less-invasive attempt of mitigating schoepite, 
the pH of the starting solution can be systematically re-
duced by controlling the amount of acetic acid added to 
the initial solution. In this way, the production of UO2 
spheres increases to near 100% as the pH decreases to 
7.5. Conversely, observations of any schoepite crystals 
rapidly diminished, with only trace amounts detected on 
rare occasion. It should also be noted that the schoepite 
reduces in size as the pH is decreased, visually indicating 
the unfavourable schoepite growth conditions in the lower, 
close to neutral, pH range. As the pH is adjusted to neutral 
and further to the acidic range (pH 6), neither schoepite 
nor UO2 is produced, which is expected, as these phases 
are both oxide-based and are not stable under acidic 
conditions.

3.3	 Crystal Growth & Post-Processing

During synthesis development, batches of UO2 particles 
are screened using transmission electron microscopy 
(TEM) to evaluate the size, shape, and crystallinity of indi-
vidual particles. Figure 4(A) and 4(B) show representative 
images of particles synthesized from a large-batch (200 
mg), hydrothermal reaction. Most particles were found to 
have a spherical morphology, with size distributions shift-
ing to larger diameters (1-3 µm) for reactions on the scale 
of hundreds of milligrams to lower diameters (0.5-1.5 µm) 
for smaller batches of material (10-20 mg). This level of size 
control was demonstrated by simply changing the starting 
precursor concentration while keeping reactor, solution, 
and reagent volumes constant. In this way, monomer 

supply to evolving nuclei is far less abundant, which slows 
the crystal growth and reduces the average diameter of 
the resulting UO2 particles. The corresponding selected 
area electron diffraction (SAED) pattern shown in Fig-
ure 4(B) seems to indicate that the particles are close to 
single crystal. However, as the diffraction spots are slightly 
skewed along a specific d-spacing, it is more likely that the 
particles are pseudo-polycrystalline. Such characteristic 
would suggest an orientated-attachment mechanism for 
crystal growth, which would follow that smaller nanosized 
crystals are first nucleated during the reaction and then 
agglomerate to further crystallize into larger micrometre-
sized particles. In such an instance, nanocrystalline grains 
assume a preferred orientation that energetically favours 
attachment. Under tighter ligand and precursor control, it 
would be possible to synthesize single-crystal UO2 parti-
cles with ideal density characteristics.

Given that the primary end use for these materials is di-
rected towards particle standards for LG-SIMS, removal 
of all organic residue from as-synthesized UO2 particles 
was another primary focus of this work. Many colloidal 
approaches use high concentrations of surfactant li-
gands and structure-directing agents, all of which lead 
to heavy deposits of carbon contamination and poor 
mass spectrometry measurements. While TEM has 
proved to be the workhorse instrument for particle 
screening, helium ion microscopy (HeIM) can be em-
ployed for its surface-sensitive imaging capability and 
capacity to identify any residual organic material. TEM is 
a transmission-based technique, and so lighter element 
mater ia ls are transparent when imaged by th is 

Figure 4: (A, B) TEM and (C, D) HeIM images of UO2 particles post-processed with solvent washing.
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approach. Electron-based microscopy, both the scan-
ning and transmission variants, typically suffers from 
what is referred to as a high-interaction volume. This 
phenomenon arises because of the elevated accelerat-
ing voltage and current used to image a sample with 
electrons, which can reach up to 300 keV in the case of 
transmission systems. Consequently, the volume of 
sample releasing secondary electrons increases, and 
the resulting image can appear transparent and less 
representative of the surface topography. In the case of 
high-Z contrast material, the effect is suppressed; how-
ever, the low-Z organic residue, often encountered with 
colloidal synthesis, can be difficult if not impossible to 
fully observe. To gauge the level of “cleanliness” of our 
UO2 particles, HeIM is used to thoroughly evaluate sam-
ples washed with repeated amounts of isopropyl alcohol 
and deionized water. The end result, as portrayed in 
Figure 4(C) and 4(D), is well-defined particles in which 
the surface topography is clearly resolved, with no trace 
of organic residue detected.

4.	 Material Characterization & Validation

4.1	 Particle Crystallinity and Size Distribution

Pure oxide of uranium, including UO2, UO3, and U3O8, have 
extend storage times in both solution and powder form 
such that particulate materials meet the requirement to 
maintain a shelf-life of 1 year or more. PXRD analysis is 
employed to evaluate the chemical composition and crys-
tal structure from the bulk product of each hydrothermal 
synthesis. In all cases, peak analysis of collected data 
matched to that of a fluorite crystal structure, indicative of 
UO2 material. Over the course of many different variations 

of hydrothermal synthesis, only UO2 and schoepite were 
observed from the reaction of uranyl acetate and ethylene-
diamine. As can be seen in Figure 5(A), precisely tuning 
the pH of the starting mixture to 7.5 gives a single compo-
sition of UO2 material. The sharp peak intensities of the ob-
served diffraction pattern are typical of highly crystalline 
material and provide a useful means of estimating the av-
erage density of the particles.

Aliquots taken from milligram-sized (~20 mg) reactions of 
as-synthesized UO2 particles are used to prepare a silicon 
planchet with concentrated areas of particles for imaging 
and size analysis. Multiple images are then collected at 
a consistent field of view (100 µm) so that a large population 
of particles can be measured for a representative estimate 
of the size distribution. Figure 5(B) summarizes the results 
from this analysis; however, it should be noted that a circu-
larity filter was used during image processing to isolate par-
ticle agglomerations and instead focus on the measurement 
of discrete, individual particles. This commonly employed 
practice of size analysis mitigates the addition of spurious 
measurements to the overall distribution that might other-
wise skew the results in one direction or the other. As can 
be seen from the plotted size distribution, the largest frac-
tion of UO2 particles (27%) are found to have a diameter in 
the range of 1-1.25 µm. In addition, approximately 55% of 
particles analysed fell within a size range of 0.5-1.25 µm, 
a metric mandated by the IAEA in their request for QC parti-
cle materials. Roughly 77% of the sample falls within the 
size range of 0.5-1.5 µm, which gives a corresponding 
mean diameter of 1.26 µm. However, the median diameter, 
measured at 1.19 µm, is likely a better reflection of the sam-
ple, given the slight downshift in the mean diameter due to 

Figure 5: (A) PXRD data of the as-synthesized material, including the matching reference pattern of UO2 (cubic/fluorite crystal structure, 
black droplines). (B) Size distribution of all U-containing particles.
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a few larger particles in the 2.5-3 µm range, which consti-
tute less than 1% of the total sample.

4.2	 Microstructure and Density

While estimation of particle density can be qualitatively cal-
culated from bulk PXRD, microstructural analysis of individ-
ual UO2 particles is a more accurate means of quantifying 
density and other influencing factors such as porosity and 
void fraction. For this analysis, a method of particle encap-
sulation and focused-ion beam (FIB) milling is used to gen-
erate cross-sections for internal micro/nanostructural imag-
ing. This process is accomplished by first depositing a thick 
layer of carbon via electron beam-induced deposition (EBID) 
that encompasses the entire particle. The surrounding layer 
of carbon encapsulates the particle, providing support dur-
ing the FIB milling process and manipulation of the thin par-
ticle cross-section. Cross-sections are extracted from indi-
vidual UO2 particles and then mounted such that the inner 
surface of the particle can be imaged from a side-on per-
spective using SEM and STEM (Figure 6).

A representative set of images taken of a 1 µm particle is 
given in Figure 6. The results highlight near-uniform density 
expected for crystalline particles, with small amounts of 
porosity on the order of 4-6%. Cross-sectional images in 
Figure 6, captured with several different imaging modes, 
resolved only a minute number of nanosized pores, likely 
arising from the postulated crystal growth mechanism of 
orientated-attachment. Estimates for the measured parti-
cle void fraction and density were calculated using the the-
oretical density of single-crystal UO2 (10.97 g/cm3) and the 
volume of a particle calculated from the diameter observed 
during SEM imaging. Calculations for the particle shown in 
Figure 6 were based on a measured diameter of 1.1 µm 
and a relative porosity of 4.5%, giving an estimated density 
of 9.23 g of U/cm3 (1.8×1010 U atoms). A  lack of severe 

porosity of the synthesized particles is an important result, 
as the theoretical density of the particles presented in this 
work is higher than that of other forms of uranium oxide, 
providing more uranium atoms per particle volume for 
mass spectroscopy applications.

4.3	 Isotopic Profile

To facilitate end-user analysis and develop a capability for 
the selection of specific particles of interest, a technique 
akin to fission track TIMS can be used to prepare UO2 par-
ticles on a specialized substrate.13 As a means of expedit-
ing the search routine normally employed to find uranium-
bearing particles, a  500×500 µm grid (with letter and 
number reference markings) is etched into the surface of 
a  vitreous-carbon planchet for particle placement at 
marked locations. Under SEM imaging, shown in Fig-
ure 7A, a nanomanipulator is then used to pick and place 
particles of interest to the patterned grid. The manipulator, 
housing a FIB-sharpened tungsten needle, can extract 
particles from the surface using localized carbon adhesion 
focused at a point of contact and then places them onto 
designated regions of a secondary substrate. Once de-
posited, the particle is held to the substrate via weak forc-
es and can be analysed immediately or, alternatively, held 
in place via a small amount of deposited platinum (Fig-
ure 7B) for long-term storage or shipment. The patterned, 
vitreous-carbon planchet provides a referenceable grid lo-
cation (Figure 7C) of each particle placed on the substrate, 
negating the need to run Automatic Particle Measurement 
software and expediting the overall measurement time. 
Additionally, this method provides the opportunity to di-
rectly image particles prior to and directly after SIMS anal-
ysis. Figure 7D shows a representative sample prepared 
on a laser-etched carbon planchet.

Figure 6: SEM images of (A) a 1 µm particle and (B) a FIB-milled cross-section of a carbon encapsulated UO2 particle. (C) Annular bright-
field and (D) annular dark-field images of the same cross-section.
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To test the suitability of the particles to serve as stand-
ards in the environmental sampling program for IAEA 
Safeguards, prepared planchets are evaluated using 
a Cameca IMS-1280 Large Geometry SIMS. This is the 
same model that is used for particle measurements by 
most of the members of the IAEA NWAL. Analyses are 
performed with a focused primary ion beam of O2+ at an 
impact energy of 8 keV. The species detected are posi-
tive uranium ions at an energy of 10 keV. The primary 
beam current and raster-scanned area are adjusted de-
pending on the specific analysis. Uranium-bearing parti-
cles are located by real-time scanning ion imaging over 
a 500x500 μm area with the mass spectrometer tuned to 
238U. Bright particle images are easily visible against 
a uniform uranium background after a period of pre-sput-
tering. A selected target particle is centred on the ion op-
tical axis by translation of the sample stage, and the ras-
ter size and beam current are adjusted to 10x10 μm and 
200 pA, respectively, for isotopic analysis. In this manner, 
isotopic measurements of all six particles picked and 
placed to a patterned substrate can be made, and the re-
sults processed to account for signal trending, detector 
dead time, isotopic mass bias, and hydride correction for 
236U. The results of these isotopic composition measure-
ments are given in Table 1, along with the weighted aver-
ages and standard deviations. The measured isotopic 
variation among the particles is consistent with the inter-
nal measurement uncertainty for each particle, and is in 

good agreement with the bulk analysis of the same mate-
rial analysed by multi-collector ICP-MS.

Several individual particles were subjected to depth profile 
measurements by SIMS. Particles were selected in a simi-
lar manner to that described above for isotopic measure-
ments, but they were analysed by monitoring the 238U sig-
nal continuously as a function of time until the signal fell to 
about 1% of its maximum value, and then the integrated 
number of 238U ion counts was determined. Two different 
types of profiles shapes (count rate vs. sputter time) are 
observed, as illustrated in Figure 8. One type, depicted by 
particles D and DE, shows a short increase in signal, fol-
lowed by a gradual signal fall-off, with the entire profile 
lasting 300-400 seconds. Based on the previous analysis, 
this behaviour is characteristic of particles at or near a mi-
crometre in size. The other type of profile, illustrated by 
particles DC and ED, shows an almost immediate onset of 
a roughly exponential signal decay, and the signal persists 
for a little less than 200 seconds. This behaviour is charac-
teristic of much smaller particles or of a thin film of urani-
um. The first profile type contains much higher 238U counts 
than the second profile, which is consistent with the small-
er particle size measured by SEM. Following SIMS analy-
sis, particles were re-imaged by SEM, where it was found 
that the depth profile analysis completely consumes the 
UO2, leaving behind only a small amount of platinum (from 
EBID) and a sputtered region of about 12 µm in diameter.

Figure 7: SEM images showing (A) the removal of a particle from a silicon wafer, followed by (B) placement on a carbon planchet at a (C) 
known marked location. (D) Optical image of the laser-patterned planchet.
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5.	 Summary

To tackle the shortfall in particle reference material for nu-
clear safeguards activities, PNNL and SRNL have devised 
a multi-step production process to meet the stringent re-
quirements mandated for uranium particle standards. 
SRNL have developed a unique means of generating tai-
lored isotopic profiles derived from a computational matrix 
of different blending options available from current CRM 
inventories. It was also shown that a method of re-crystal-
lising blended material into different chemical forms, more 
conducive to particle synthesis, could be used following 
the CRM mixing process. In this way, precursor material of 

a desired isotopic profile could be prepared at SRNL and 
shipped in a form compatible with a given synthetic proce-
dure. In the case of this study, uranyl acetate precursor 
was outlined for PNNL’s synthesis of uranium oxide (UO2) 
particle standards, realised by a hydrothermal reaction 
technique. The colloidal chemistry approach developed at 
PNNL is tailored for the primary production of UO2, and 
the minimization of other uranium products—namely, sch-
oepite—and other morphologies. Optimization was ac-
complished through acid-base equilibrium chemistry (pH 
control), and control of reactant stoichiometry.

The bulk composition of the produced particles was ex-
amined by PXRD and SAED, with both analytical 

Table 1: Uranium isotopic composition of PNNL particles in atom percent.

Figure 8: (A) The measured trends for count rate over sputtering time, and (B,C) SEM images of UO2 particle (designated “DE”) before 
and after depth profile analysis by LG-SIMS.
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techniques confirming the particles to be highly crystalline 
and of a single fluorite structural phase. Additionally, parti-
cle size analysis from TEM, SEM, and HeIM images 
showed that the isolated spherical particles had a size 
range of 0.5-1.25 µm for a  typical synthesis of 20 mg 
batches. If particles could also be produced with much 
tighter control of particle size and in different size ranges, 
they could be suitable for other applications such as inter-
laboratory comparisons and improvement of mass spec-
trometry measurement techniques. Using FIB and STEM 
analysis, observations were made of the internal structure 
of individual UO2 particles, with measurements for the void 
fraction confirming low-levels of porosity (4-6%), and den-
sities reaching near theoretical levels for UO2 (9.23 g of U/
cm3). UO2 particle standards generated by hydrothermal 
synthesis afford much greater uranium densities com-
pared with other oxide compositions, making them ideal 
candidates for particle standards analysis. Throughout 
each phase of the production process, a rigorous handling 
and cleaning protocol was continually maintained to en-
sure that batches of par tic les remained free of 
cross-contaminants.

Finally, a technique to select particles of specific size and 
morphology and place them on a laser-patterned grid of 
a vitreous carbon planchet for SIMS analysis was report-
ed. This approach was then used in conjunction with 
a SIMS analysis to assess particle proficiency. Findings 
from the evaluation study of UO2 particles suggests that in 
their present form they could be quite useful as QC sam-
ples that the IAEA could introduce to the NWAL as blind 
samples on cloth. The micrometre size range is typical of 
the samples that the IAEA collects, and for this purpose, 
they do not need to be monodispersed. To be useful on 
a continuing basis, they would need to be produced in 
batches of various enrichment levels with avoidance of 
cross-contamination and validation of the isotopic compo-
sition after production. It is advantageous that they are not 
bound to a medium during production and instead can be 
supplied in a vial for the IAEA to use as it sees fit.
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