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Abstract 
 Constraining the origin and intended use of nuclear materials by rapid, high-sensitivity and high-

throughput chemical and structural analysis remains a challenge. High intensity and brightness of third-

generation synchrotron sources, such as National Synchrotron Light Source II (NSLS-II), coupled with 

state-of-the-art sample manipulation and detection tools, present an exceptional opportunity to advance 

international nuclear forensics capabilities. Synchrotron methods are non-destructive and potentially serve 

as a unique diagnostic tool by providing not only unique characterization information but also potentially 

critical downstream analytical operations guidance for subsequent destructive analysis methods. We are 

developing synchrotron-based methods with several key advantages, including: 1) non-destructive analysis 

with minimal sample preparation; 2) rapid data collection enabling high sample throughput; 3) focused and 

high intensity beams resulting in superb spatial resolution and sensitivity; and 4) multi-modality which 

enables monitoring chemical composition, bulk and local structural changes on the same region of interest 

in a single measurement. We are developing sample holders that will enable high throughput measurements 

on different sample types such as capillaries, planchets and swipes and will enable multi-modal 

measurements so that both bulk structure and sample compositions can be studied via X-ray Diffraction 

(XRD) and X-Ray fluorescence (XRF) respectively. Our work will provide a comprehensive understanding 

of actinide-containing particulate systems and enable screening of hundreds of samples per day, which is a 

significant increase in sample throughput as compared to laboratory-based methods. Our technique will be 

complementary to existing methods as subsequent isotopic analysis is possible due to the non-destructive 

nature of analysis.  

Introduction 
 Nuclear forensic science aims to study and evaluate interdicted nuclear or radioactive materials that 

are discovered outside of regulatory control to constrain the source, history and intended use of the 

materials1–4. The term nuclear forensics has been defined as: the examination of nuclear or other 

radioactive material, or of evidence that is contaminated with radionuclides, in the context of legal 

proceedings under international or national law related to nuclear security. The analysis of nuclear or 

other radioactive material seeks to identify what the materials are, how, when, or where the materials were 

made, and what their intended uses were5. 

 Nuclear forensics currently employs analytical methods, such as mass spectrometry (MS), 

transmission electron microscopy (TEM), scanning electron microscopy (SEM), and Raman spectroscopy 

(RS), amongst others, to characterize interdicted material at variable spatial scales and degree of analytical 

precision. Currently, nuclear forensics largely relies on the use of MS techniques which include TIMS5, 

SIMS)6, and various forms of ICP-MS for identification, isolation, and characterization of radioactive 

particles7. One of the major nuclear forensic applications for MS is the determination of isotopic ratios 

within a sample, which constrains its provenance, age, and processing history. Mass spectrometric methods 

offer high precision for isotopic composition and are very valuable for nuclear forensic analysis. However, 

sample preparation for MS often requires extremely precise separation of analytes8,9. The separations of 

nuclear samples are particularly challenging due to the complicated mixture of elements that coexist within 

the material; these are typically a mixture of actinides, decay and fission products, and impurities from 

mining or milling, and multistep chromatographic separations are often required for quantitative analysis. 

Consequently, analyte purification can be a lengthy process of manipulations that exploit differences in 
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solubility, oxidation state, and ligand binding profiles of the many elements present in the sample10. When 

working with small quantities of analyte, isotopic carriers are often used to minimize loss of material, but 

these carriers can render MS measurements more difficult to analyze. These methods are very accurate for 

isotopic analysis but require either extensive sample preparation (TIMS and ICP-MS) or are limited by 

lengthy sample analysis times (SIMS). TEM requires laborious sample preparation compared to SEM. 

These constraints result in longer turnaround periods for data analysts, which slows sample evaluation and 

response time to decision-making end users. 

 Although MS is well suited for nuclear forensics, the turnaround time and the destructive nature of 

the technique is a limiting factor.  This is especially true in cases where large sample size can benefit from 

analysis automation or high-throughput capability. Synchrotron-based analysis is non-destructive and very 

fast, and hence offer a capability complementary to existing MS techniques, where high precision structural 

and chemical analysis can be performed by synchrotron while preserving the sample for subsequent detailed 

isotopic analysis by MS techniques. In addition, the high sensitivity of synchrotron radiation is promising 

for detecting trace levels of impurities between samples from different sources.  For instance, the advanced 

National Synchrotron Light Source II (NSLS-II) at BNL designed to deliver world-leading intensity and 

brightness enables the structural and chemical characterization of anthropogenic actinide bearing particles 

with micron to nanoscale resolution and exquisite sensitivity by providing world-leading capabilities for 

X-ray diffraction, X-ray fluorescence and X-ray absorption spectroscopy measurements11. 

 Synchrotron-based XRD was successfully utilized to study the development of various uranium 

oxide phases as a function of processing conditions, such as relative humidity, temperature, and time, which 

are parameters that can be used to track origin of uranium oxide12,13. It was reported that while aging time, 

temperature, and relative humidity all have a quantifiable effect on UO3 crystallographic and morphological 

changes, it is relative humidity that had the most significant impact13, and was thus most important 

parameter to track the origin of uranium oxide, which is an important nuclear material for forensics 

applications. Rapid pre-screening of materials using synchrotron methods could save end-users a significant 

amount of money in costly and time-consuming laboratory analyses as well as provide complementary 

analysis to existing destructive analysis techniques such as MS. Synchrotron methods are non-destructive, 

and samples can be used for isotopic analysis after pre-screening using synchrotron studies. Fast sample 

turnaround would provide an order-of-magnitude decrease in analysis timeframe; typical sample analyses 

for uranium may require months to a year with current laboratory queues. 

 Trace nuclear particulates are extremely challenging analytical specimens due to a combination of 

potentially multiple chemical species, nuclear material aggregates, inclusion of both natural and 

anthropogenic non-nuclear debris, and all within micron-sized volumes. Sample evaluation operations 

routinely work through these challenges by analyzing larger particle populations to establish a 

preponderance of analytical information. Although an effective brute force solution, it necessitates 

increased time/budget scope and delays information delivery to end users. The characterization of trace 

actinide-bearing particulates is an essential component of nuclear forensics and nuclear safeguards analysis. 

To ensure the veracity of such analysis, high-quality reference materials; namely, particulates with uniform 

properties, such as size, elemental and isotopic composition, and material phase, are necessary for 

instrument calibration, method development or benchmarking, and quality control operations. To meet the 

need for high-quality actinide reference materials, a capability to manufacture microparticulate actinide-

bearing particles with tailored size, elemental compositions, isotopic ratios, and material phases has been 

developed at SRNL and elsewhere. The leading microparticle synthesis methods include hydrothermal 

chemical synthesis methods14,15 and aerosol-based spray drying methods16. These methods have yielded 

particulates with a high degree of size and isotopic homogeneity, and, more recently, demonstrated a 
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capacity for the generation of multi-element particles with known elemental ratios, such as U-Nd17, U-Ce18, 

and U-Th19. The developed particle generation methods can produce reference particle-laden test specimens 

across a range of sample types and particle loadings, spanning nanogram to milligram quantities adhered 

to substrates, cotton swipes, or as powders.  

 
Figure 1: Comparison of benchtop XRD (Rigaku) with synchrotron-based XRD collected at XPD beamline from NSLS-II. (a) 

NiO sample from commercial vendor is received from SRNL and packed for benchtop and synchrotron measurements in Kapton 

tape and quartz capillary respectively. (b) Shorter (6 minutes) and longer (60 minutes) benchtop XRD compared with 1 minute 

synchrotron XRD. Impurity peaks are highlighted with red arrows. 
 

 In our current work, we are developing capabilities for high throughput multi-modal studies of 

actinide containing particulate systems at X-Ray Powder Diffraction (XPD) beamline at National 

Synchrotron Light Source II (NSLS-II). For this development, we have synthesized high quality surrogate 

(Cerium oxide based) and actinide (Uranium based) particulate systems at Savannah River National Lab 

(SRNL) to test and commission the synchrotron-based techniques. The generated particles display a high 

degree of uniformity with particle sizes near 1 µm as measured by in-situ aerodynamic methods, indicating 

their suitability of cerium oxide particles as non-radiological surrogates as well as actinide-bearing particles 

as test materials. Further, we have developed sample holders for capillary, planchet and swipe samples to 

enable multi-modal high throughput synchrotron studies. Multi-modal data on test materials such as nickel 

oxide, molybdenum oxide and cerium oxide as well as uranium-based feedstock samples is presented.  

 

Results 
Multi-modal synchrotron measurements of surrogate systems.  
 XRD measurements on various reference powder samples such as NiO, H2WO4, MoO3, WO2, 

H2MoO4 from commercial vendors and prepared in-house were measured performed at X-Ray Powder 

Diffraction (XPD) beamline at National Synchrotron Light Source II (NSLS-II) at Brookhaven National 

Lab (BNL). To demonstrate the sensitivity of the synchrotron based XRD (s-XRD) over typical benchtop 

XRD setup, we collected XRD data on the commercial NiO powder using a benchtop XRD setup (Rigaku). 

Figure 1-a shows the NiO sample prepared in-house in lab  and packed in Kapton tape for benchtop and 

synchrotron XRD measurements. Figure 1b clearly demonstrates the advantages of s-XRD against benchtop 

XRD. Although the 60 minutes benchtop XRD run is significantly improved compared to 6-minutes scan, 

the 60 minutes benchtop XRD have a significant signal to noise ratio (SNR) compared to the s-XRD.  Also, 
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the s-XRD data was collected in only one minute. Such SNR would make it difficult to detect peaks from 

impurities with low concentration in particulate samples as demonstrated in Figure 1b. These proof-of-

concept measurements demonstrate the high sensitivity of s-XRD due to its better resolution of diffraction 

peaks than conventional bench top laboratory XRD.  The high flux, tunable well-defined wavelength, and 

better collimation of synchrotron radiation improves the identification of impurities with low concentration. 

It should also be noted that the number of samples needed for s-XRD is much smaller than the benchtop 

XRD setup. In addition, the high speed of data collection of s-XRD (1 min) vs benchtop XRD (1 hr) 

demonstrates that s-XRD is the only path forward to high throughput studies of particulate samples. 

 
Figure 2: Multi-modal synchrotron XRD & XRF data collected at at XPD beamline at NSLS II on (a) Nickel oxide 

and (b) Molybdenum oxide test samples received from SRNL. 
 

 Multi-modal XRD and XRF data was collected on surrogate nickel oxide and molybdenum oxide 

powders prepared in lab. We were able to elucidate both the oxide phases and major and minor impurities 

in the Nickel oxide and Molybdenum Oxide samples. Figure 2a shows NiO sample as prepared in-house  

and packed in a quartz capillary at BNL. In the XRD profile, NiO (major) and Ni2O3 (minor) phases are 

clearly observable. In addition, XRF analysis confirmed the presence of Cr, Fe, and Zn as major impurities. 

We did also observe additional minority phases. The molybdenum was placed between two layers of 

Kapton as shown in Figure 2b. Major MoO3 peaks are clearly present in XRD profile with Fe, Ni, W 

impurities in XRF profile.  

Capability development for high throughput synchrotron measurements of particulate systems.  
 We are developing sample holders for synchrotron studies of particulate samples at BNL.  An 

industrial-grade stereolithography (SLA) 3D printer and associated supplies from Formlabs were procured 

and a new 3D printing area (shown in Figure 3a) was established. The workflow of synthesis of sample 

holder is shown in Figure 3b. Initially, the sample holder with desired dimensions is designed in a CAD 

software, which is then fed into 3D printer for manufacturing the holder. Once the holder is printer it is 

washed with alcohol to clean the holder surface and cured under UV to strengthen the holder.  
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Figure 3: (a) 3D printing area 

established in the lab showing the 3D 

printer, washing as well as curing 

station for the printed parts. (b) 3D 

printing workflow for the sample 

holder printing. (c) an example 3D 

printed sample holder (on the right) 

with existing stainless-steel holder 

(on the left). 

 Figure 3c shows an example 3D printed sample holder for samples packed in capillaries. The new 

design had significant improvement from old stainless-steel holders (shown on the left) as it contains a 

compartment to secure the sample while transporting and measurement. In addition, hundreds of such 

holders can be easily printed unlike stainless steel holders, a critical step for enabling high throughput 

measurements. 

 Milligram-scale quantities of cerium oxide test particulates for use as non-radiological surrogates 

in the development of high-throughput synchrotron methods and the qualification of the associated sample 

holder were synthesized. The cerium oxide particles were generated using the SRNL-developed THermally 

Evaporated Spray for Engineered Uniform particleS (THESEUS) platform, shown in Figure 4, which 

utilizes commercially available aerosol instrumentation coupled with SRNL-developed tools for particle 

collection and containment.  

 

 

 

 

 
Figure 4: Image of the non-

radiological THESEUS platform 

used in the generation of CeO2 test 

particulates. 

 Cerium oxide particles were generated by heating a dilute cerium nitrate feedstock, with a target 

CeO2 particle size of 1 μm, to 1000°C to ensure conversion to the desired CeO2 phase. In-situ aerodynamic 

measurements obtained by Aerodynamic Particle Sizer (APS) indicate a shift in aerodynamic size, above 
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300 °C, resulting from the change in density associated with the thermal decomposition of cerium nitrate 

to cerium oxide (Figure 5-A). System stability and particle uniformity during operation was assessed using 

the APS at startup, refill, shutdown, and at 2-hour intervals during operation. APS results indicate good 

stability, with a monomodal particle size distribution (σG < 1.15) retained throughout the sustained 

operations (Figure 5-B).  

 
Figure 5: Density-corrected (ρ= 7.22g/cm3) aerodynamic particle sizing results of CeO2

 particles generated at: 

(A) varying temperatures, and (B) across multi-day operations. 

 The generated particles were collected on an electropolished stainless steel plate using an SRNL-

developed electrostatic precipitator, and physically harvested (Figure 6-A). A total particle mass of 19.4 

mg was collected across 3 multi-day operations. The harvested particles were packaged in glass vials, 

without any liquid collection media to preserve the particulate qualities (Figure 6-B). 

 

 
Figure 6: Image of CeO2 particles: (A) as-collected on a stainless-steel plate, (B) as-harvested in glass vials. 

 3D printed holders for mounting powder as well as swipe samples for synchrotron studies were 

designed and developed (Figure 7). The sample holder design and sample mounting were discussed with 

NSLS II safety team to gain approval for measuring uranium containing samples. Various steps of sample 

preparation are shown in figure 7. Lab based particulate samples  were lifted off from the planchet using a 

Kapton tape which was applied to blank Kapton tape on the sample holder. After making a sandwich of 

particulate samples between two Kapton tapes, the sample was further covered with 2 layers of Kapton to 

meet the requirement of double containment for actinide containing samples for measurements at NSLS II. 

Once the samples were secured in double containment, they were labeled with unique identification number 

for easy tracking.  
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Figure 7: Schematic showing the steps of preparing doubly contained radioactive samples for synchrotron data 

collection. Samples were mounted to 3D printed holders. 

  Both cerium-based surrogate and uranium-based actinide samples were prepared in-house, 

packaged, and shipped to BNL for synchrotron measurements, as shown in Figure 8.  The doubly contained 

samples were secured in magnetic holder and mounted on sample stage at XPD beamline at NSLS II for 

XRD measurements.  

 

 

 

 

 

 

 

 

 

Figure 8: Photographs of the XRD 

experiment at XPD beamline of NSLS-2. (a) 

lab synthesized cerium based surrogates 

and uranium-based actinide samples as 

received from SRNL. They are placed inside 

a 3D printed chamber during transport. (b) 

Samples are placed onto magnetic holders 

inside a magazine box. Samples are ready to 

be picked up by the robot arm. (c) Robot 

arm at the beamline. (d) One of the samples 

is mounted to the stage and ready for XRD 

measurement. 

 

Synchrotron based XRD studies for cerium and uranium samples. 

 Synchrotron based XRD data was collected on doubly contained surrogate and depleted uranium 

samples. In Figure 9 – left side, lab-synthesized cerium oxide was compared with high-purity (99.99%) 

cerium oxide from a commercial vendor (Alfa Aesar). Within the detection limits of the technique, it was 

observed that CeO2 powder - as synthesized in lab  - is clean and does not include impurities or contributions 

from the feedstock material (cerium nitrate – Ce(NO3)3). It was also observed that the peak widths of lab-

synthesized CeO2 powder are broader compared to commercially available CeO2 powder with a known 

particle size of 14 microns. This indicates lower crystallinity and smaller grains in the lab-synthesized CeO2. 

In Figure 10 – right side, XRD profiles of feedstock uranyl oxalate (UO2C2O4) and lab-synthesized 
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triuranium octoxide (U3O8) are presented. Although the lab-synthesized U3O8 doesn’t include phases from 

feedstock material (uranyl oxalate), there are several peaks in the XRD profile that doesn’t belong to 

hexagonal U3O8. It is important to note that α-U3O8 was previously shown to exist at room temperature as 

a pseudohexagonal orthorhombic structure with the space group of C2mm20, transforming to a fully stable 

hexagonal U3O8 structure at 483 K with a space group of P62m.21 These observations underscore the role 

of the processing routes on the physiochemical properties of the test samples.  

 
Figure 9 (left) XRD profiles of starting feedstock (cerium nitrate) used for synthesizing CeO2, lab-synthesized CeO2 

and CeO2 from a commercial vendor (Alfa Aesar). (right) XRD profiles of starting feedstock (uranyl oxalate) used 

for synthesizing U3O8, and lab-synthesized U3O8. Impurity peaks that don’t belong to hexagonal U3O8 are 

highlighted by arrows. 
 

Conclusions 

 This study aims to demonstrate synchrotron studies of particulate samples for nuclear forensics. 

After initial studies of benchmarking synchrotron XRD and XRF techniques for surrogate nickel oxide and 

molybdenum oxide particles, we collected data on actinide containing uranium standards using sample 

preparation protocols for radioactive samples. 3D printed sample holders with doubly contained samples 

were used to measure XRD data successfully for high-concentration powder samples. This project will 

specifically confront the technical difficulties of studying actinide-containing particulate samples by 

advancing high-throughput, multi-modal analysis for combined structural and chemical characterization 

across length scales, including the development of advanced sample holders for the uranium and plutonium 

containing samples to be studied at synchrotron facilities. Multi-modal high-throughput capability of 

analyzing powders is important for allowing for rapid analysis of suspicious materials, environmental 

samples, or trace contamination on surfaces since powder samples most closely represent field samples 

(e.g., soil, small particles, debris, etc.). The rapid high-throughput analysis of samples, including nuclear 

materials, also reduces costs in sample collection, transportation, sample preparation, and analysis time. A 

deeper comprehension of particulate structure and chemical composition (a function of impurity content 

and processing conditions, such as uranium particulate synthesis route, calcination temperature, and 

collection conditions) will strengthen the toolkit for rapid characterization of particulate samples with trace 

impurities.  
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