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ABSTRACT

This report documents steps that have been taken to establish advanced characterization capabilities for 
solid-state samples to support the 238Pu Supply Program. The program has already invested significantly 
in spectroscopy and online monitoring development for liquid processes. Many of the data, analytical 
methods, and equipment could also be leveraged for the analysis of Np/Pu oxides and Np pellets to help 
classify material properties and link them to operations. The techniques described in this work include 
diffuse reflectance spectroscopy (DRS), Raman spectroscopy, and laser-induced breakdown spectroscopy 
(LIBS). Each technique is sensitive to various chemical and/or elemental species and can provide 
complimentary information to more standard methods such as powder x-ray diffraction and scanning 
electron microscopy. These options are remotely deployable via fiber-optic cables. DRS and Raman 
spectroscopy are already approved for glove box and hot cell work, but LIBS requires US Department of 
Energy approval for incorporation. Raman spectroscopy does require laser shielding, which means that 
DRS is the easiest method to implement. However, each technique provides complimentary data, and the 
most robust sample characterization could be achieved when all three, among other methods, are 
harnessed together. This report documents some of the progress made testing these capabilities, some of 
the challenges, and next steps to optimize the technology and integration strategies. 





1

1. BACKGROUND AND MOTIVATION

1.1 INTRODUCTION

Spectrophotometry is an important component of the 238Pu Supply Program for measuring Np and Pu 
concentrations, oxidation state(s), and monitoring separations.1–19 Spectrophotometry, or absorption 
spectroscopy, is a technique that quantifies the amount of light absorbed by a sample as a function of 
wavelength. Ultraviolet (UV)–visible (Vis)–near-infrared (NIR) spectrometers collect spectra at relatively 
rapid intervals (e.g., 10–1,000 ms) and contain a wealth of information. Multivariate regression models 
can be used to convert spectra into concentrations for timely analytical measurements in glove box and 
hot cell environments at the Radioisotope Engineering Development Center (REDC). Fiber-optic cables 
transmit light to enable in situ UV-Vis-NIR absorption measurements while personnel operate equipment 
in a control room (Figure 1.1). Remote measurements directly in the hot cells provide several operational 
benefits compared with traditional grab samples and techniques such as inductively coupled plasma mass 
spectrometry. 

Figure 1.1. Simplified schematic showing optical measurements in a hot cell with fiber-optic cables.

Most of the development work for spectroscopy, chemometrics, and online monitoring has been focused 
on monitoring liquid samples to support feed adjustments and radiochemical separations. Few examples 
of solid-state sample characterization are available, and these methods include X-ray or neutron 
diffraction and scanning electron microscopy (SEM).20, 21 These techniques are sensitive to bulk crystal 
structure (pXRD) and particle morphology (SEM) for the identification of crystalline materials. The 
characterization of the Np and Pu oxide product was identified by research staff as a moderate priority in 
2021, and some development work has occurred since then to address this need.6 Similar multivariate 
analysis and online monitoring techniques and concepts developed by the program for liquid processing 
streams could be applied to solid-state samples—particularly, Np oxide samples to support the modified 
direct denitration process and understanding NpO2 properties that effect dosing for pellet fabrication. 
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Steps were taken to establish solid-state optical spectroscopy capabilities in FY 2023 to provide advanced 
characterization for the 238Pu Supply Program. The development work has focused on three primary 
optical techniques including diffuse reflectance spectroscopy (DRS), Raman spectroscopy, and laser-
induced breakdown spectroscopy (LIBS). Specifically, these techniques could be leveraged to help 
characterize the differences between batches of Np oxide and relate those differences back to process 
conditions to optimize run performance and ensure optimal product quality. Optical techniques can be 
leveraged to identify impurities, crystal phase, crystallite size, color, texture, and many other properties in 
oxide samples that could affect product quality and other parameters such as ease of incorporation into 
pellets and targets. This report will elaborate on these techniques, provide proof-of-concept data, and 
discuss plans to further develop the methods that may be pursued in more detail moving forward. 
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2. DIFFUSE REFLECTANCE SPECTROSCOPY

2.1 EXPERIMENTAL CONDITIONS 

A range of Np oxide colors have been observed by staff performing modified direct denitration (MDD) 
and high-fired NpO2 operations. These colors are poorly understood but have been correlated to 
qualitative Np oxide properties (e.g., dosing) and other physical properties; however, there are no 
definitive correlations. However, this phenomenon suggests that pursuing the quantitative assessment of 
Np oxide color may provide a significant benefit to the processes used to produce Np oxide and, 
ultimately, the 238Pu Supply Program as a whole. 

Oxide color could be characterized by comparisons with Munsell charts; however, this comparison is 
generally considered to be a qualitative test with significant user bias. Color assignments using this 
method are highly subjective and can vary depending on the incident lighting, the operator’s color vision 
and perception of color (e.g., optical mixing effects and other optical illusions), and additional 
environmental factors or sample properties such as microstructure.22, 23 Alternatively, collecting optical 
spectra for samples in the UV-Vis-NIR region enables the quantitative determination of how photons 
interact with the samples to produce color.24 This technique is nondestructive and underused in the entire 
nuclear field but could provide unique analytical benefits.25

Reflectance measurements are simply the ratio of the reflected light to the incident light, and these 
measurements are far more quantitative than the human eye’s ability to examine sample color. Light not 
reflected at an interface is absorbed, scattered, or transmitted. Smooth or shiny surfaces typically have 
high specular reflection, in which the incident light reflects into a single outgoing direction. This light is 
often described as mirror-like. Rough surfaces tend to have diffuse reflectance (DR) properties and scatter 
light in all directions. Many materials have both specular and DR properties. 

UV-Vis-NIR DRS is a common method referring to the collection of reflected electromagnetic intensities 
in the region of approximately 300–1,700 nm. Peaks in DRS spectra typically correspond to electronic 
and/or vibrational energy levels in the sample and can be used to evaluate sample color. DRS 
measurements are commonly used for food processing, pharmaceutical monitoring, and environmental 
applications. Research and development (R&D) staff could rigorously measure the color of the Np oxide 
material using UV-Vis-NIR DRS (i.e., absorption) using reflection probes (see Figure 2.1) in a glove box. 
Data collected using this bulk, in situ approach could be compared with other advanced instrumentation at 
Oak Ridge National Laboratory (ORNL) (e.g., CRAIC microspectrometer). Improving the understanding 
of Np oxide colors will lead to an improved ability to qualify the produced Np material and 
retrospectively optimize MDD operational parameters when combined with additional analytical methods 
(e.g., pXRD) and principal component analysis (PCA). This capability could help scale up efforts and 
prevent faulty batches or rework. 

2.2 COLD TESTS

Cold tests with lanthanide oxides, standards, and DR probes made by Ocean Insight and Hellma are 
promising methods (Figure 2.1). The Ocean probe was held at a 45° angle to minimize specular 
reflection. The probe can also be held at 90° for specular reflection, if desired. When using the Ocean 
probe for specular (90°) measurements, the diameter of the sample area is equal to approximately ½ the 
distance, d, between the probe tip and the sample. At an incidence angle of 45°, the spot becomes an oval 
that is 0.44d × 0.63d. Initial tests were also focused on evaluating the performance of each probe because 
the Ocean and Hellma probes cost approximately $1,200 and $12,000, respectively. The spot size of the 
Hellma probe can vary, but the spot size of the Ocean probe is mostly fixed at approximately 1 cm in 
diameter. However, the size changes slightly based on the probe distance from the sample surface and 
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should be kept as constant as possible. Some preprocessing methods, like standard normal variate (SNV), 
can be used to mitigate slight differences due to probe differences. Integrating spheres can also be used if 
the reflectivity of the sample changes significantly at different viewing angles. Probes are ideal for this 
intended application because they can make quick measurements with a relatively small spot size in a 
glove box. 

Figure 2.1. (left) Ocean Insight DR probe collecting data on a reference puck and (right) Hellma probe 
measuring Tm2O3 powder. 

Several controls were evaluated prior to analyzing Np oxide, including a lanthanide oxide and reflectance 
standards. The reflectance spectrum (400–1,700 nm) collected with approximately 10 mg Tm2O3, a 
surrogate for Np oxide, matched literature spectra well in terms of peak position and shape.26 Several 
intensity reference pucks (Labsphere) were also evaluated, and the measured intensity values were within 
less than approximately 5% of the specification (data not shown here). Most DR standards are matte 
white and use a polytetrafluoroethylene diffuser that reflects approximately 99% of the light from an 
approximate range of 250–1,500 nm. One option (WS-1-SL by Ocean Insight) could be good for working 
in the field because it can be cleaned and reused if it gets dirty or the sample is placed on the puck for the 
measurements. 

With detector integration times of less than 1 s, users can rapidly collect Np oxide data directly in a glove 
box. Fiber-optic ports are already installed on glove boxes and the probe takes up minimal space. 
Additionally, samples could be removed from the glove box and analyzed in cold labs with advanced 
instrumentation. 

Several options exist for preparing samples for DRS analysis. A thorough evaluation of each approach 
would be helpful before deciding which is best. An ideal method would likely ensure a consistent sample 
height relative to the reflection probe and ensure that enough material is present such that no light can be 
observed coming through the sample. In this study, approximately 10 mg each of two Np oxide samples 
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were enclosed between glass slides in a radiological fume hood (see Figure 2.2). The oxide pressed 
against the glass makes a flat surface that helps create a consistent working distance from the reflection 
probe. A bead of glue around the edges was sufficient to keep the slides together. The samples were 
transferred out of the radiation hood for analysis using cold instruments. If tilted, the powder can spread 
out to the glue edges. Too much spread could result in an insufficient spot size. The BaSO4 standard, a 
common powder reflectance standard, was prepared the same way, and Np DRS spectra were recorded 
relative to this standard.

2.3 HOT SAMPLES

The qualitative colors of MDD Np2O5/NpO2 and high-fired NpO2 (~1,100 °C) are shown in Figure 2.2. 
The shades of brown and tan are clearly quite different; the high-fired product is lighter than the MDD 
product. However, additional shades of brown and other colors (e.g., orange) have also been observed 
(data not shown here or is unavailable). These colors can be measured quantitively and documented to 
begin correlating spectra features to batch conditions.  

Figure 2.2. Samples prepared in glass sandwiches. Samples correspond to (top) an MDD product (Np oxide 
mixture) and (bottom) high-fired NpO2. 

The DRS spectrum of the MDD product is shown in Figure 2.3. Characteristic peaks near 1,050 and 
1,600 nm may correspond to Np(V) electronic transitions that also appear in the aqueous Np(V) 
absorption spectrum at similar wavelengths. The small peaks in the NpO2 spectrum are qualitatively 
similar to PuO2 spectra (Figure 2.3).25 No reported NpO2 spectra appear in the literature. The fact that the 
color of these samples was very different, as well as their DRS spectra, is promising. The next set of 
experiments should compare DRS spectra from NpO2 samples produced from different batches. Even 
though the long-range crystal structure quantified by pXRD may be too similar to quantify sample 
differences, DRS spectra could help identify variances because color is related to more than just crystal 
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structure. Powder X-ray diffraction is a bulk measurement technique and cannot analyze specific 
spots/areas but is complimentary to optical measurements.

Figure 2.3. DR spectrum of the MDD product (NpO2/Np2O5).

Figure 2.4. DR spectrum of the high-fired NpO2 sample.  

The exact origin of these peaks may be difficult to determine without modeling and simulation, especially 
because very little has been published on this topic. This research could be pursued in more fundamental 
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work outside of the scope needed for this project. An exact description of each peak in these spectra is not 
necessary because one can still leverage multivariate chemometrics for the analysis of peak characteristics 
for classification or even regression problems. Moving samples closer or farther away from the probe, 
relative to the blank sample distance, creates an appreciable baseline shift. Although keeping the distance 
between measurements identical is important, data processing may correct for some offset between 
samples. Normalizing the spectral intensity between samples may help the chemometric analysis focus 
more on peak wavelength positions, which may be the most indicative property.  

2.4 NEXT STEPS

Data transformations, or preprocessing, will need to be leveraged to compensate for additive and 
multiplicative effects in DRS spectra. Multiplicative scatter correction was designed to deal with 
scattering artifacts in reflectance spectroscopy and can treat similar effects, including pathlength 
variations, offset shifts, and interferences. Multiplicative scatter correction uses the mean spectrum as a 
reference for the dataset; an assumption is that the mean is representative of each current and future 
spectrum collected under similar conditions. Another option for removing scatter effects is the standard 
normal variate transformation. Standard normal variate transformation centers and scales each individual 
spectrum using only data from that spectrum. Spectra are centered on zero and vary roughly between −2 
and +2. After preprocessing, unsupervised classification methods can be used to reveal hidden structures 
in the datasets and provide a visual representation of relationships between samples and variables to better 
understand how samples are similar to one another.  

PCA is a bilinear modeling method that takes information from the original variables and projects them 
onto a smaller number of latent variables called principal components (PCs). It is the primary workhorse 
for multivariate data analysis techniques. Each PC explains some percentage of the variation in the 
original dataset. This method can be used to identify sample patterns and detect gross or subtle outliers. 
Soft Independent Modeling of Class Analogy (SIMCA) is based on multiple PCA models for each class 
(e.g., MDD run) in the training set and is known as a supervised pattern recognition method. New 
samples are compared with each class model and assigned to a specific class (i.e., MDD run) based on 
similarity to the training samples. 

PCA and/or SIMCA modeling techniques could be used to classify the data collected during MDD runs to 
identify properties of the material that indicate how well the MDD ran, if it is producing a consistent 
product, or if samples are outside of normal bounds. DRS spectra could easily be paired (i.e., sensor 
fusion) with information from other optical methods such as Raman spectroscopy and different 
techniques such as pXRD or SEM images to build more robust models. 
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3. RAMAN SPECTROSCOPY

3.1 INTRODUCTION

Raman spectroscopy investigates changes in the polarizability within a bond, giving rise to Raman 
scattering, which is related to individual chemical bonds within a material. Most of the laser light that 
contacts a sample is scattered with the same amount of energy as what it entered the system with (elastic 
scattering). A small fraction of the light interacts with the material and results in Stokes (lower energy) or 
Anti-Stokes (higher energy) shifts from the laser line. Stokes shifts are more intense and common in the 
literature. 

Raman spectra contain valuable information relating to the chemical structure of a material. Band 
attributes (e.g., position, full width at half maximum, intensity, splitting) can change in relationship to 
calcination temperature, crystal lattice defects, and other perturbations. Raman spectroscopy is also a 
powerful tool for fast, nondestructive 2D and even 3D mapping of materials. Raman maps show the 
spatial distribution of spectral (i.e., chemical) information across a given sample. 

Although UO2 and PuO2 samples have been studied in much greater detail than NpO2, several papers in 
the literature describe NpO2.27,28 The primary Raman-active mode of the NpO2 fluorite structure is the T2g 
mode and can provide a fingerprint of the crystal lattice. However, the authors are not aware of any 
published works that characterized pure or a majority Np2O5 phase, which is a great opportunity for 
publications.29 

3.2 INSTRUMENT DETAILS

A refurbished, lightly used LabRAM HR Evolution (Evo) Raman Microscope was purchased in FY 2023 
and is shown in Figure 3.1. This instrument is essentially the same as the rebranded Horiba Odyssey 
system. It is a fully integrated, high-resolution, confocal Raman microscope, optimized for Vis light of 
2,200 nm. The instrument is an 800 mm focal length astigmatic flat field spectrograph based on concave 
mirrors, which provides the highest spectral resolution on the market. It comes with 532, 633, and 785 nm 
continuous wave lasers, and the research team added a 405 nm laser for fluorescence using an FC/PC 
optical fiber mount. The instrument comes with 20× and 50× long working distance objectives and 
regular 10×, 50×, and 100× microscope objectives. The instrument comes with ultralow-frequency 
bandpass and notch filters to allow measurements typically down to 5 cm−1 and anti-Stokes measurements 
with the 532 nm laser. 

The microscope has multiple scanning modes for xy mapping, and z mapping is also possible. The SWIFT 
Ultra-Fast feature increases the scanning speed to <5 ms per point through detector stage synchronization. 
The ParticleFinder software module will enable particle location, statistical analysis of particle shape/size, 
and automated Raman analysis. However, the particles need to be somewhat evenly dispersed for this 
software to function properly. The instrument also comes with a multivariate analysis package to analyze 
as many as millions of data points collected during mapping experiments. It can be automatically 
calibrated using a Si standard. The instrument can be used to analyze single particles near a single 
micrometer in diameter and larger samples multiple inches in diameter. The Evo also comes with a 
polarizer kit to help with assigning vibrational modes, and it is set up to house another charge coupled 
device (CCD) to optimize signal throughput. The instrument has a Class 1 enclosure and is in Lab 212, 
Building 7930, near REDC.  
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Figure 3.1. LABRAM Evolution Horiba Raman microscope.

3.3 SAMPLE HOLDER

This work developed a sample holder because commercially available off-the-shelf options are not 
available, and the researchers wanted to tailor it to the specific needs of this project. The holder needs to 
have a quartz window, seal the radiological material inside, be straightforward to use in a radiological 
environment while wearing gloves and other constraints, and hold the material several millimeters below 
the bottom of the quartz but not more than 10 mm from the top (i.e., working distance of the objective). 
The holder works for Raman measurements and DR measurements with the CRAIC 
microspectrophotometer. 

The in-house-designed microscope slide fixture (MSF) is shown in Figure 3.2. Detailed assembly 
instruction is provided in Appendix A. The MSF can hold multiple samples, and the lid is held in place 
with a push pin. After preparing the sample, the edges can be wrapped with tape to provide a secondary 
barrier and ensure that it will not come open if accidentally dropped. It has primary and secondary gaskets 
to ensure the material stays inside the device. 
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Figure 3.2. MSF (left) closed and (right) open.

Another simpler option is shown in Figure 3.3. With this approach, a 1 × 3 in. glass slide can be glued to 
the top to create a seal. This method likely takes hours or longer to allow the adhesive to dry but is a valid 
option if time is not a priority. The depth of these pockets can be adjusted easily to accommodate a taller 
sample (e.g., pellets) if necessary. 

Figure 3.3. Simple 1 × 3 in. MSF option.
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3.4 RAMAN SPECTRA

Two Np oxide samples were prepared for Raman analysis in the new sample holder in a radiological fume 
hood with RCT support. The samples were an MDD Np2O5/NpO2 mixture and high-fired NpO2 (same as 
that shown in Figure 2.2). Approximately 1 mg of each sample was placed in each pocket of the Raman 
sample holder on sticky carbon tape. The NpO2 spectrum is shown in Figure 3.4 with important peaks 
noted. It took approximately 5 min to collect this spectrum. The 532 nm laser with low laser power is 
ideal for Np oxide measurements compared with the 633 and 785 nm options. Low power settings from 
1%–2.5% were needed to ensure that the sample is not annealed by the laser heating the sample. The anti-
Stokes spectrum was also collected (data not shown here) but can be used to estimate sample temperature, 
among other things. The Raman spectrum of NpO2 collected on multiple spots matched the literature very 
well with a peak maximum near 464 cm−1.28

Figure 3.4. NpO2 Raman spectrum collected with a 532 nm laser.

Raman spectra of Np2O5 were unique relative to NpO2, and because of the novelty of these data, the 
spectra will be described in detail in a separate publication and compared to similar structures.30 In 
addition to varying Np2O5/NpO2 ratios, material properties, and color, small crystallites of presumably 
unreacted NH4NO3 have been noticed by staff operating the kiln. The quantity of this phase relative to the 
bulk is too low to be detected by pXRD (<5% of sample). For Raman analysis, the laser beam spot size 
with a 50× objective is approximately 1 μm in diameter and could be used to determine what these 
crystallites are. 

3.5 NEXT STEPS

The next steps of this work will include optimizing the sample holder and Raman instrument mapping 
parameters. The sample holder weighs approximately 110 g. Ideally, it would weigh less than 
approximately 80 g so that a five-decimal place balance could be used to weigh out materials. This 
balance would allow more precision and accuracy when submilligram quantities need to be analyzed. 
Additionally, if the mapping of Np oxide cermet pellets is desired, the depth of the sample pocket can be 
changed. We are also working to print a holder of the MSF or something similar that can set on the stage 
which will make it easier for Raman measurements of similar locations after moving samples in and out. 

We are also working with Horiba to evaluate a nano GPS system that can identify xy locations within 
about 1 micron. The software is compatible with all scanning electron microscopy systems and would 
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enable consistent analysis of specific particles between instruments.31 We are also interested in acquiring 
a pin lamp that could be included in the Raman microscope objective. It emits characteristic wavelengths 
of light to provide a continuous reference to align spectral data collected over long periods of time (e.g., 
days, weeks) while mapping.  

Raman maps will be acquired with varying resolution, instrument parameters, and time frames to 
determine the best option for rapidly characterizing MDD product and high fired NpO2 material. There is 
also Np-containing material collected post MDD runs that has not been characterized in detail and Raman 
could be used to help provide insight into the chemical structure of this material. Mapping protocols are 
automated and relatively easy to set up. Once a sample is placed on the instrument and the map is set up, 
R&D staff can walk away while the instrument acquires the data. Then, multivariate analytical algorithms 
can rapidly model the spectra to identify groups and outliers and the primary sources of variation. 
Mapping could be useful for finding sources of chemical variation with oxide materials and characterizing 
cermet pellets as the quantity of NpO2 relative to aluminum is optimized. 



13

4. LASER-INDUCED BREAKDOWN SPECTROSCOPY

4.1 INTRODUCTION

LIBS is a versatile technique capable of measuring nearly all elements in the periodic table without 
physical contact and only minimal destruction. A high-energy pulsed laser is focused onto a sample 
surface where the energy density is great enough to ablate nanograms of the material and form a plasma. 
As this plasma cools, cascading electronic transitions emit photons when the ionized and excited species 
return to their ground states. These photons are measured to create an elemental spectrum. Because LIBS 
is performed using laser pulses and collected light, it is amenable to remote deployment in both hot cells 
and glove boxes. Between its ability to be performed rapidly and remotely as well as its sensitivity to light 
and heavy elements, LIBS is ideal for radiochemical processing applications. Applying LIBS for the 
quantification of trace elements in PuO2 powder directly would be beneficial because the sample would 
not need to be digested for traditional inductively coupled plasma mass spectrometry measurements and it 
would avoid the time associated with separations and the analysis of challenging light elements. The 
greatest effect would occur if both trace elements and Pu isotope ratios would be measured. It is possible 
to quantify Pu isotopes by LIBS with a high-resolution instrument; however, this has not been done at 
ORNL.

4.2 LASER-INDUCED BREAKDOWN SPECTROSCOPY FOR IMPURITY 
QUANTIFICATION

LIBS was identified as a potential tool for the analysis of powdered materials (e.g., NpO2 and PuO2) in 
the 238Pu Supply Program.6 LIBS could be performed in glove boxes and hot cells to minimize the time, 
material, and dilutions associated with analytical measurements. LIBS could be performed by routing the 
laser pulse via fiber-optic cable, allowing the measurement to be performed in situ. 

Traditionally, the analysis of powders via LIBS necessitates the use of pressed pellets to provide a dense, 
hardened sample surface to fire upon. For the 238Pu Supply Program, pressing a pellet requires far more 
material than is desired to be used for an analytical measurement. Initially, carbon sticky tabs, or gunshot 
residue (GSR) tabs, were investigated as a substrate to adhere the powdered samples to for testing. 
Different powder samples containing P and S as impurities of interest and CeO2 as a surrogate for PuO2 
were mounted onto GSR tabs and loaded into a LIBS sample chamber. Measurements were performed on 
an Applied Spectra J200 with a 266 nm Nd:YAG (neodymium-doped yttrium aluminum garnet) laser, a 
100 µm spot size, and under a cover gas of He at 1 L min−1. Several line scans were performed on each 
GSR tab. The before and after images of the samples are shown in Figure 4.1. Despite collecting spectra 
that contained the anticipated emission lines, Figure 4.1 evidences that the shockwave effect from plasma 
formation results in larger powder particles being blown off the GSR tabs. This effect would create an 
issue with radioactive materials, and thus, an alternative sampling approach was sought. 
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Figure 4.1. Images of GSR tabs with adhered powders containing P, S, and Ce (a) before and (b) after LIBS 
line scans.

The alternative sample preparation approach was to embed the powders in epoxy pellets. Epoxy is 
commonly used as a mounting material for larger samples, such as geological ores, because it provides a 
strong surface and only contributes to C and H emissions in LIBS measurements. Despite its use for 
larger samples, epoxy has not been investigated as an alternative for powdered samples until this point. A 
significant advantage of embedding powders in epoxy vs. pressed pellets is in the amount of material 
used. For example, a typical LIBS pellet would require approximately 300 mg of material, whereas the 
epoxy pellets shown subsequently only required approximately 20 mg of material, which is a 93% 
reduction in material costs. The initial powder epoxy pellet test sample is shown in Figure 4.2. A 2D map 
of the sample surface was performed using LIBS with a 50 µm spot size. The elemental maps for Ce, Na, 
K, and C are shown in Figure 4.2. These maps match the image of the sample epoxy pellet with the Ce, 
Na, and K being collocated with powder pixels and C being intense throughout (except in the case of 
bubble locations) because of the epoxy background.

Figure 4.2. Preliminary LIBS map of CeO2 powder embedded in epoxy resin.

Following this initial success, another pellet was made containing CeO2 spiked with a Si impurity at 
2,000 ppm. This sample was analyzed to investigate the feasibility of mapping the epoxy pellets for 
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impurity detection. A sample image and the LIBS maps are shown in Figure 4.3. Here, the impurity 
signals (Si, Na, and K) align well with the Ce pixels. 

Figure 4.3. LIBS map of CeO2 powder spiked with 2,000 ppm Si as an impurity embedded in epoxy.

By measuring a suite of these prepared epoxy pellets with varying ratios of impurities to CeO2, calibration 
curves can be made to generate quantitative maps. An initial trial of these calibrations was performed, but 
the sample measurements identified a large level of inhomogeneity, revealing that the sample preparation 
procedure needed revision. With a revised sample preparation procedure to ensure accurate impurity 
levels in the oxide powder, a high-impact journal article on the methodology is anticipated to be 
produced. 

4.3 LASER-INDUCED BREAKDOWN SPECTROSCOPY FOR TRANSITION 
PROBABILITIES

In FY 2021, LIBS was used to measure the first Np transition probabilities ever reported—a key, 
fundamental property needed to produce artificial LIBS spectra and perform calibration-free LIBS. 
Despite this success, issues were associated with the experiment that required revision prior to subsequent 
tests on Pu and Np/Pu mixtures. First, the sample container used to contain the radiological material was 
3D printed, making it a one-time-use item because it could not be cleaned. Second, the commercial LIBS 
system used was not designed for shooting through optical windows. This issue resulted in back 
reflections, which damaged the system’s optics. Lastly, the spectrometer used captured time-integrated 
measurements (longer exposures), which resulted in the study relying on specific assumptions about the 
plasma behavior. 

In FY 2023, efforts were taken to resolve these experimental issues, and all the necessary changes have 
been made to launch the next set of experiments. A new sample chamber (Figure 4.4) was constructed 
using off-the-shelf parts. This sample chamber uses vacuum-compatible parts to ensure that the system is 
entirely sealed and not permeable throughout the duration of the testing. The top is a wedged, 
antireflective vacuum window to ensure that back reflections of the laser pulse cannot damage optics over 
the course of the measurements. The bottom uses a KF fitting so the sample may be bottom-loaded into 
the chamber at the boundary of a radiological hood. The chamber is then smeared by RCTs and treated as 
a sealed source for the remainder of the testing. In tandem with this sample chamber design, a new LIBS 
measurement system has been constructed in Building 7930, Lab 212. This LIBS configuration fires a 
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1,064 nm laser directly down into the sample chamber, and the light is collected in the same direction. A 
dichroic mirror is positioned above the sample chamber at a 45°. This dichroic mirror allows light above 
1,000 nm to pass through it and light below 1,000 nm to be reflected, so it reflects the plasma emissions 
into an optical fiber for a spectral measurement without the concern of reflecting the 1,064 nm laser itself. 
The use of this LIBS system also provides the flexibility to modify the configuration more readily if 
needed.

Figure 4.4. Revised LIBS sample chamber for testing radioactive samples.

Lastly, a new spectrometer (Andor Mechelle 5000, Figure 4.5) was procured. It uses an echelle grating to 
cover the entire UV-Vis-NIR wavelength range used for LIBS (300–1,000 nm) in a single acquisition. 
The detector is an intensified charge coupled device (ICCD), which provides greater sensitivity than 
standard nonintensified CCDs, but more importantly can be nanosecond gated. This nanosecond gating 
allows the LIBS plasma to be observed for very finite periods of time. These time-resolved measurements 
circumvent the need for the plasma assumptions used in the previous studies and mitigate errors from 
later in the plasma lifetime.
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Figure 4.5. Andor Mechelle 5000 spectrometer with iStar ICCD camera purchased for future actinide LIBS 
measurements.

4.4 NEXT STEPS

Learning from previous studies, ORNL is now able to test several actinide systems to report new 
transition probabilities, build spectral libraries of key species, and publish several high-impact journal 
articles. The researchers are also ready to continue impurity analysis in oxide materials to optimize 
sample preparation and acquisition parameters as well as identify the limits of detection for important 
species. The spectral libraries built in these experiments will be essential to the growth of applied LIBS 
for the 238Pu Supply Program and other LIBS radionuclide measurements (e.g., safeguards).
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5. OUTCOMES AND FUTURE WORK

Significant progress was made to establish optical techniques for characterizing solid-state materials (e.g., 
oxides, pellets) for the 238Pu Supply Program. DR and Raman spectroscopy appear to be useful for 
analyzing Np/Pu oxide samples. The methods are nondestructive and can provide timely feedback 
potentially in line with various processes in glove box operations are require small sample quantities. 
DRS is most amenable to simple glove box–deployable measurements in the near term. It does not require 
special approval and requires a small probe in a glove box. The light sources and fiber-optic cables 
currently being used for spectrophotometry are compatible with DR measurements. The new high-
resolution Raman spectrometer can be leveraged for rapid chemical mapping of oxides and pellets. LIBS 
may be useful for quantifying trace elements and Pu isotopes, but significant development work and US 
Department of Energy approvals are required prior to implementation. Spectral data from optical methods 
can provide important and complementary data that should be combined with other techniques (e.g., 
pXRD, SEM) to support solid-state sample characterization for the 238Pu Supply Program. 
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