Lawrence Berkeley National Laboratory

LBL Publications

Title

Development of small particle speciation for nuclear forensics by soft X-ray scanning

transmission spectromicroscopy

Permalink

|https://escholarship.orgc/item/2086203kl

Journal

Analyst, 143(6)

ISSN
0003-2654

Authors

Pacold, JI
Altman, AB
Knight, KB

Publication Date
2018-03-12

DOI
10.1039/¢7an01838;

Copyright Information

This work is made available under the terms of a Creative Commons Attribution-

NonCommercial-NoDerivatives License, available at

Ihttps://creativecommons.org/licenses/bv-nc—nd/‘t.0/1

Peer reviewed

eScholarship.org Powered by the California Digital Library

University of California


https://escholarship.org/uc/item/2c86203k
https://escholarship.org/uc/item/2c86203k#author
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://escholarship.org
http://www.cdlib.org/

»

ROYAL SOCIET
OF CHEMISTRY

Analytical Methods

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

www.rsc.org/

1. Introduction

Development of Small Particle Speciation for Nuclear Forensics by
Soft X-ray Scanning Transmission Spectromicroscopy

J. I. Pacold,® A. B. Altman®®, K. B. Knight,¢ K. S. Holliday,® M. J. Kristo,° S. G. Minasian,® T.
Tyliszczak,® C. H. Booth,? and D. K. Shuh?®”*

Synchrotron radiation spectromicroscopy provides a combination of submicron spatial resolution and chemical sensitivity
that is well-suited to analysis of heterogeneous nuclear materials. The chemical and physical characteristics determined by
scanning transmission X-ray microscopy (STXM) are complementary to information obtained from standard radiochemical
analysis methods. In addition, microscopic quantities of radioactive material that cannot be analyzed rapidly and directly
by existing forensic methodologies can be characterized rapidly by STXM with minimal sample handling and intrusion,
especially in the case of particulate materials. The STXM can accommodate a diverse range of samples including wet
materials, complex mixtures, and small quantities of material contained in a larger matrix. In these cases, the inventory of
species present in a samples is likely to carry information on its process history; STXM has the demonstrated capability to
identify contaminants and sample matrices. Operating in the soft X-ray regime provides particular sensitivity to the
chemical state of specimens containing low-Z materials, via the K-edges of light elements. Here, recent developments in
forensics-themed spectromicroscopy, sample preparation, and data acquisition methods at the Molecular Environmental
Science Beamline 11.0.2 of the Advanced Light Source are described. Results from several initial studies are presented,
demonstrating the capability to identify the distribution of the species present in heterogeneous uranium-bearing
materials. Future opportunities for STXM forensic studies and potential methodology development are discussed.

Data from a broad array of analytical methods are typically
needed to completely characterize a forensic specimen, with
each measurement providing a different constraint on the

Nuclear forensic analysis is concerned with physical and
chemical signatures that can provide information about the
source and process history of a sample of unidentified nuclear
material.13 Signatures such as the presence and concentration
of chemical impurities, sample morphology, and the isotopics
of U, Pu, and trace elements have been identified in the
literature and associated with steps in the sample history.*8
Sample morphology, for example, can be associated with the
intended use of the material (e.g., the reactor type in the case
of a nuclear fuel sample).® Isotopic content and trace element
impurities can be correlated with process history, and in some
cases can provide information on the possible geographic
origin of a specimen.10-13
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possible process history and origin. Techniques applied in the
literature include mass spectrometry, nuclear counting, X-ray
fluorescence, and powder X-ray diffraction. As forensic
specimens are often heterogeneous and morphology can
provide important information on process history, it is
essential to also use microanalytical methods, such as scanning
electron microscopy (SEM)/energy—dispersive X-ray
spectroscopy (EDS), transmission electron microscopy (TEM)
and nanoscale secondary ion mass spectrometry (nano-
SIMS).14-18 While X-ray absorption spectroscopy has been
applied to a limited number of materials of forensic interest.1%-
23 The sensitivity of X-ray absorption near edge structure
(XANES) to oxidation state lends itself to the observation of the
gradual oxidation of nuclear material due to storage and
environmental conditions,?324 and to studies of chemical
signatures of post-detonation material.2526 This article
describes the use of scanning transmission X-ray microscopy
(STXM) in the soft X-ray region with methods optimized for
nondestructive nuclear forensic analysis.

STXM combines 25 nm or finer spatial resolution with the
nondestructive chemical sensitivity of XANES. This yields
spectroscopic data that is complementary to other spatial data

J. Name., 2013, 00, 1-3 | 1



such as the elemental distributions provided by SEM/EDS and
the isotopic information available from nano-SIMS. The spatial
resolution of STXM makes it possible to work with microgram
or less quantities of material. Operation in the soft X-ray
regime provides access to both the actinide Nas-edges and the
K-edges of light atoms, particularly C, N, O, and F. This is an
important feature for analysis of nuclear materials since in the
case of actinide materials the light atom edges are often more
sensitive than the metal edges to variations in oxidation state
and bonding.?7-30

Rapid turnaround is desirable in forensic studies,
particularly when the same sample must be examined using a
large number of different methods. Past studies of illicit
nuclear material have required a combination of rapid analyses
at several different facilities to rule out possible origins of the
material.1%-11  Here, technical developments in sample
preparation and instrument operation at the Molecular
Environmental Science (MES) STXM Beamline 11.0.2 of the
Advanced Light Source (ALS) are described, with a focus on
improved utility and throughput for heterogeneous forensic
specimens. Initial results are presented, including baseline
spectra acquired from common uranium materials,
demonstrations of STXM speciation capability on mixtures of
known particulates, and preliminary studies of forensic
specimens. Additional future developments are discussed with
a view towards improved integration of STXM into the suite of
existing nuclear forensic analysis methods.

2. Technical Developments at Advanced Light
Source Beamline 11.0.2

2.1 Instrument Description

The MES STXM (Fig. 1) is located on one of the two MES
Beamline 11.0.2 branchlines of the ALS at Lawrence Berkeley
National Laboratory.3! The general design and operation
principles of the STXM instruments and additional details on
the MES STXM at the ALS in particular have been reported
previously.3234 |n brief, the MES beamline provides a regular
operational energy range from approximately 120 eV to 2000
eV and a resolving power (E/AE) greater than 7500. X-ray zone
plates and interferometer-controlled sample positioning stages
are used to enable imaging with spatial resolution better than
25 nm. Images are usually acquired by rastering a sample
through the focused X-ray beam and monitoring the
transmitted intensity with a photomultiplier or photodiode. As
discussed further in Section 2.2, a silicon drift detector may be
installed to acquire X-ray fluorescence images. Stacks of
images collected over a range of photon energies can be
processed to extract spatially resolved spectroscopic data.

The ALS electron storage ring and the MES beamline
operate under ultra-high vacuum (UHV, less than 109 Torr),
but the STXM sample chamber can operate under lower
vacuum (approximately 107 Torr) or He at ambient pressure,
as the photon beam enters the chamber through a 50 nm SisN4
isolation window. Consequently, it is not a requirement to
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Figurél. Current configuration of the STXM at the ALS MES Beamline.

prepare samples for high vacuum compatibility, and sample
changes are relatively rapid. To operate at ambient pressure,
the microscope chamber is typically purged with helium prior
to data collection to prevent attenuation of the soft X-ray
beam.

Experiments with dispersible radioactive materials (such as
particulates) require the use of two SisN; windows enclosing
the sample to ensure that the specimen remains contained. As
the penetration depth of soft X-rays is on the order of 100 —
500 nm for most actinide materials, accurate transmission-
mode XANES data generally cannot be acquired from samples
thicker than 1 micron. Typically, a microgram quantity (or less)
of material is used. To ensure appropriate sample thickness,
coarse samples may be pulverized in a mortar and pestle
before mounting. In the case of particulate materials,
additional processing is often unnecessary.

2.2 Fluorescence Detection

One technical limitation of STXM is that transmission-mode X-
ray absorption measurements have limited sensitivity to dilute
species. Generally, the species of interest must be present at a
concentration of several percent by weight to separate the
absorption signal from the background. This means that some
measurements with potential relevance for nuclear forensics
cannot be performed in transmission mode. In particular, trace
elements such as rare earths that can be useful for
determining the source of the material,% 8 as well as trace
fission products, will typically not be detected. While it is
possible to non-destructively detect the presence of these
constituents at sub-percent concentrations by X-ray
fluorescence, or by SEM/EDX analysis,*> 11 these methods do

! 4y
Figure 2. Left: solid state fluorescence detector (Amptek SSD) used for soft

X-ray spectromicroscopy with the MES STXM. Right: mounting of the
detector with respect to a STXM sample holder.

This journal is © The Royal Society of Chemistry 20xx



not provide full spectroscopic information.

To combine the lower detection threshold of X-ray
fluorescence with the spatial resolution and spectral data
available via STXM, a silicon solid-state detector has been
commissioned for use with the MES instrument (Fig. 2).3> The
energy resolution of the detector (125 eV) is sufficient to
separate the K-edge signals from oxygen and nitrogen,
enabling K-edge spectroscopy of light atoms at concentrations
of 0.5% — 1.0% by weight. It is also possible to detect
lanthanides and transition metals at lower concentrations. A
conservative estimate of the detection limit is 0.05 wt% for
transition metals detected by L-edge derived fluorescence.
Note that fluorescence yields are typically higher in the hard X-
ray regime than in the soft X-ray regime,3¢ and consequently
the detection limit for XRF is still somewhat lower than for
fluorescence-detector-coupled STXM.

2.3 Efficient Identification and Selection of Particles of Interest

For many scanning probe techniques, the amount of time
needed to image and characterize a complex sample in situ
may constitute a significant experimental bottleneck.3” In the
context of nuclear forensics, this is an important consideration
since some types of nuclear materials (e.g., ore materials,
mixed powders, and advanced nuclear fuels) is often highly
heterogeneous. Micron-scale inclusions of radionuclides may
be distributed across mm-scale pieces of material.38-41 This
makes it necessary to develop strategies for efficiently
identifying smaller regions of interest. Two approaches are
being implemented as part of the STXM forensics effort. First,
sample preparation procedures intended to efficiently isolate
radioactive particles from large quantities of material are
under development. Second, a software tool designed to
streamline the process of STXM data collection on
heterogeneous samples has been implemented at the MES
STXM.

Radionuclide-rich regions of a large sample may be
identified before STXM analysis by either autoradiography with
an image plate reader system, or by or SEM/EDS. The choice of
method depends on the sample form. Autoradiography makes
it possible to easily survey large (cm-scale) sample areas, but
has limited spatial resolution. SEM/EDS is often best applied to
a more limited sample area, but can provide nanometer-scale
spatial resolution and element-specific sensitivity. In addition,
focused ion beam (FIB) milling??2 may be used in conjunction
with SEM to extract thin sections of interest from a larger
specimen.

For studies of heterogeneous particulate materials such as
mixed powders, and for cases where sectioning or other
mechanical processing is impossible, a software-assisted STXM
data acquisition protocol has been developed. Typically, the
process of collecting STXM data begins with a survey of a
millimeter-scale area of sample at coarse resolution (> 1
micron). The user then selects regions of the sample with
areas on the order of 50 x 50 microns for imaging at sub-
micron resolution. Finally, smaller regions (on the order of 10 x
10 microns) are selected for imaging and spectromicroscopy at

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Screen capture from operation of the data acquisition assistance
software developed for the ALS MES Beamline. Left: normal-contrast STXM
image of a particulate sample. Right: processed image, indicating regions
with expected thickness less than 2.0 penetration depths at photon energy
532.0 eV (i.e., above the oxygen K-edge).

resolutions ranging approximately between 25 nm and 100
nm. The choice of a particular region for inspection at high
resolution depends on the presence of the element of interest
and the thickness of the material; sample regions thicker than
approximately 1 penetration depth at the absorption
maximum vyield distorted spectra. The process of searching for
an appropriate region varies considerably depending on
sample morphology and operator experience, and several
hours of beam time may be required to manually locate a
suitable particle.

With this in mind, a software tool has been developed to
streamline the process of surveying a heterogeneous sample.
In Fig. 3, a screenshot taken from operation of this software
shows a normal-contrast STXM image together with a
processed version. To generate the processed image, a
convolutional neural network has been used to upsample and
filter the user-provided image, generating a hypothetical
higher-resolution image.** The sample material has been
segmented from the background, and particles predicted to
satisfy user-defined criteria for elemental composition and
optical density have been highlighted as suggested regions for
high-resolution inspection. Testing of this software has been
carried out at the ALS-MES STXM and the Canadian Light
Source 10ID-1 STXM.#* In a test on a model particulate sample
(Fe,03), the prediction procedure suggested 72 particles for
high-resolution inspection; of these, 21 were categorized as
false positives due to either high optical density or insufficient
useful cross-sectional area. Note that false positive rates are
likely to depend on sample morphology, as the neural network
was trained using images of particulate materials. The code is
available by request.*s

3. Results of Initial Nuclear Forensic Studies with
the ALS-MES STXM

3.1. Compilation of Baseline Soft X-ray Absorption Data on
Uranium Materials

Uranium, a naturally occurring element with fissionable
isotopes, is often a target of nuclear forensic investigations.
Soft X-ray XANES, particularly at the oxygen K-edge, provides
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Figure 4. STXM analysis of particles of autunite (hydrated calcium uranium
phosphate). Top: normal contrast image and elemental maps. Bottom: soft
X-ray absorption spectra.
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Figure 5. Oxygen K-edge spectra acquired from representative uranium
compounds and minerals.

sensitive spectral fingerprints of the chemical state of
uranium.28. 30, 46-47 A comprehensive library of spectra collected
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from common uranium materials has been compiled from
measurements at the ALS-MES STXM and literature sources.
Examples are shown in Figs. 4 and 5. Fig. 4 shows a “normal
contrast” image (an image acquired at a fixed photon energy,
with pixel values corresponding to transmitted X-ray intensity),
elemental maps, and spectra from constituent atoms collected
from a single particle of autunite [Ca(UO3)2(P0O4)2:(H20)x]. The
normal contrast image provides initial information about
particle morphology and helps determine which particles are
suitable for additional analysis. Elemental maps are generated
by acquiring images at energies below and above an
absorption edge of the targeted element and calculating the
change in optical density at each pixel. Here, the correlation
between the three elemental maps confirms that the selected
particles are autunite (rather than a contaminant).

In Fig. 5, the oxygen K-edge spectrum acquired from the
autunite sample is compared with spectra acquired from other
uranium-bearing phases. Variations in oxygen 2p orbital
structure lead to clear variations in the spectral features. In
particular, uranyl compounds can often be identified by the
prominent pre-edge feature near 532 eV associated with the
strong U-O m interaction. Uranium oxides, on the other hand,
can be identified by the width of the pre-edge peak. It should
be noted that there are often significant inconsistencies from
study to study in spectra collected from, for example, UO,.47-48
Notable publications of large XANES datasets on bulk uranium
materials?® attribute these differences to the susceptibility of
UO; towards formation of higher oxides (e.g., U307, UsOg)
during long-term storage, resulting in a mixture of oxides.

Fig. 6 shows an application of oxygen K-edge spectral
fingerprinting in conjunction with STXM to identify
components of a heterogeneous specimen. A test sample
prepared by mixing powders of UO, and UO,F, was
characterized using the MES STXM. Fig. 6a shows a group of
micron-scale particles that was located and imaged by normal
contrast near the onset of the F K-edge (670 eV). A map of the
fluorine distribution (Fig. 6b) shows only trace amounts of
fluorine spread over the sample surface, implying that the
selected particles consist primarily of UO,. The oxygen K-edge
spectra collected from the sample, however, are not
consistent with data acquired at MES from a stoichiometric
UO; sample (Fig. 5). This shows that the material used to
prepare the sample had oxidized while in storage. By
extracting representative spectra via k-means clustering*® (Fig.
6c) and comparing them with the reference data, it is possible
to identify some regions of the sample as UO3 and others as an
oxide or mixture of oxides intermediate between UO, and
U40q (Fig. 6d). This type of analysis has clear utility for, e.g.,
quantitative determination of the mixture of oxide phases

present in an aged specimen of uranium-bearing material.1% 23,
50-53

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. (a) Normal-contrast STXM image (photon energy 670 eV) of particles
from a mixture of U compounds, nominally UO, and UO,F,. (b) Fluorine elemental
map of the same region, showing only trace amounts of F. The selected particles
are therefore predominantly composed of uranium oxide. (c) Representative
spectra extracted from spatially-resolved O K-edge data by cluster analysis.
Comparing these with standard U oxide spectra, one spectrum is assigned to UO3
and the other to a uranium oxide intermediate between UO, and U,0,. (d) Image
colored by similarity to the spectra shown in (c).

3.2 Melt glass speciation with soft X-ray STXM

The fallout and debris produced by the detonation of a nuclear
weapon are an important category of materials of interest for
nuclear forensics. Melt glass and other fallout is expected to
carry information about the design and composition of the
detonated device.>*>> While there have been extensive
studies of the environmental effects of weapons testing and
the subsequent dispersal of radionuclides,? 56 there have
been relatively few studies of test fallout using modern
methods to improve understanding of key chemical processes
such as chemical speciation.25. 38,41, 57-59

A bulk-averaged hard X-ray spectroscopy study of several
melt glass samples from historic nuclear tests has been
recently reported.®® Hard X-ray XANES and extended X-ray
absorption fine structure (EXAFS) were used to obtain
information on the oxidation state and coordination of U and
Fe in each sample. Here, Fe is of interest as it is the most
concentrated redox-sensitive metal in the samples, and is
expected to influence the oxidation states of U and Pu.61-63 The
study shows that U in the debris (assumed to have started as
some mixture of metallic and oxidized uranium) is an oxidized
mixture of U(IV) and U(VI). In contrast, iron is present in the
debris as strongly reduced Fe(ll). These results suggest that a
simple redox model is insufficient to describe the chemical
speciation that occurs in nuclear melt glass formation.

A natural next step is to study the spatial distribution of Fe
and U species within these materials, with the goal of more
precisely describing the Fe-U redox chemistry. STXM is an ideal
tool for this measurement.%* To illustrate, Fig. 7 shows the
distribution of Fe(ll) and Fe(lll) in a small sample of melt glass.
No uranium was detected in the particular sample chosen for

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. (a) Normal-contrast STXM image (at photon energy 745 eV) of ground
nuclear test melt glass. (b) Fe elemental map. (c) Fe speciation map derived from
an image stack acquired by scanning the photon energy across the Fe L, edges.
For each pixel Brightness indicates Fe content as measured by the integrated
intensity of the Fe L; edge, while color represents the Fe2*/Fe3* ratio as
determined from the branching ratio of the Fe L; edge.[45,46] Red regions contain

predominantly Fe?* and blue regions contain predominantly Fe3*. (d)

Representative Fe L-edge spectra of the two regions indicated in (c). The peaks
associated with Fe?* (708 eV) and Fe3* (709.7 eV) are marked.

STXM in this instance. The bulk-averaged concentration of U in
nuclear melt glass has been reported as tens of pug/g,3® which
would be below the STXM transmission-mode detection limit if
U were spread uniformly through the material. Consequently,
a current priority is to select U-rich particles from a sample of
melt glass by SEM, combined with X-ray fluorescence imaging
and/or FIB sectioning to facilitate direct comparison of U and
Fe speciation behavior. SEM studies in the literature suggest
that inclusions of other metals such as copper, which may also
be of interest for these studies, can be found in some glass
samples with sizes ranging from nanometers to microns.3% 41

4. Future Prospects

The initial development of soft X-ray STXM spectromicroscopy
for characterization of nuclear forensic specimens and related
materials has successfully yielded valuable information, and
has served to define several of the optimal capabilities and
some of the limitations of the approach. This knowledge
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provides direction for further forensic studies and helps define
the pathway for the use and development of soft X-ray STXM
for nuclear forensics applications and research in the near
future. There is clearly room for additional STXM studies of
materials chemistry and physics related to signatures for
nuclear forensics, especially in the direction towards heavier
actinide elements.

4.1 Ptychography

The equipment necessary for ptychography
enhanced STXM imaging and spectroscopy) has been
commissioned at the ALS, achieving 3 nm resolution.6®
Ptychographic capability will enable examination of speciation
within single particles with nanoscale resolution, including
materials such as aerosols, colloids, and other types of
particles. Such information may better inform interpretations
of the formation, origins, and transit pathways of nuclear
material.

(diffraction-

4.2 Access to STXM

A consideration for nuclear forensics is the availability of the
MES STXM beam time (or other STXM) to efficiently conduct
non-destructive analysis of a nuclear forensic specimen under
realistic investigation conditions (for example, following a
seizure of illicit material). Several access modes to beam time
at the ALS are available, including rapid access for high-priority
sample. The nuclear forensics analysis timeline set forth by the
International Atomic Energy Agency for a similar analysis
technique, TEM, is frequently cited as two months.® This is
well within the capabilities of the MES STXM (unless the timing
coincides with one of the regularly scheduled shutdowns of
the ALS storage ring for upgrades). A programmatic stepping-
stone for nuclear forensics with the STXM in the near future
will be the participation in collaborative analyses of a single
sample across multiple laboratories, which will test non-
routine access logistics for specimen characterization by the
the MES STXM.

5. Conclusions

The soft X-ray MES STXM at Beamline 11.0.2 STXM is being
successfully developed for nuclear forensic materials
characterization applications involving the non-destructive,
analytical speciation of small radioactive particles and
materials. The technical development of the MES STXM for
nuclear forensics studies has resulted in significant
performance improvements in fluorescence detection, sample
handling, and STXM data acquisition and control system, all of
which are vital components to enable various aspects of
sample characterization. Preliminary nuclear forensics studies
at the MES STXM have examined material signatures using
XANES from actinide materials at the Nas-edges, from light
atom constituents at the K-edges for both complexes and
environmental matrices, and other relevant X-ray absorption
edges residing in the soft X-ray region. We have also

6| J. Name., 2012, 00, 1-3

demonstrated the utility of these methods to the detailed
investigation of spatially-related chemistry and physics in melt
glass samples from nuclear testing.

Soft X-ray STXM spectromicroscopy results provide unique
information that is complementary to the elemental, isotopic,
and morphological data gathered using existing, established
nuclear forensic techniques. There is substantial room for
continued technical improvement of STXM to further optimize
its capabilities for nuclear forensics studies. The current thrust
of the soft X-ray STXM spectromicroscopy effort is to integrate
the technique with existing forensic research, establish
collaborative relationships, and continue to develop and
demonstrate the value of soft X-ray STXM for the forensics
community.
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