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Abstract The physical and chemical properties of actinide-bearing materials, as
well as other radionuclides, such as fission product elements from the nuclear fuel
cycle, depend greatly on their electronic configuration, crystal structure, thermo-
chemical parameters, and the amount of impurity elements at the atomic scale.
Further, nanoscale particles may have distinctly different properties from the bulk
composition. In order to understand the properties of such materials, direct charac-
terization at the nanoscale is essential. This chapter reviews relevant methods for
direct analysis of nanoscale materials using a focused electron beam, scanning
transmission electron microscopy (STEM), in which the electron probe can be less
than an A size with the current high enough to perform elemental analysis. High-
angle annular dark-field STEM (HAADF-STEM) provides an incoherent image by
which the intensity correlates with the atomic number. The HAADF-STEM image
can be greatly enhanced by a theoretical filtering method, such as the maximum
entropy method. Electron energy-loss spectroscopy (EELS) allows the investiga-
tion of the chemical state including oxidation state and the electron density of states
at the nanoscale. Three dimensional electron tomography with STEM or TEM
imaging is another useful method for obtaining morphological and topological
information of nanoscale materials. In addition, the recent development of the
aberration corrector for spherical aberration (Cs) has achieved a sub-A probe as
small as ~0.5 A in STEM, which greatly improves the spatial resolution of images
and chemical analyses. The application of Cs-corrected STEM has not been
explored in actinide research; however, it has great potential in the investigation
of the properties of actinide materials at the atomic-level.
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1 Introduction

Detailed characterization of nanoscale materials — their structure, composition,
and chemical state — is essential for the evaluation of their physical and chemical
properties. One of the most powerful methods for obtaining such information is
by the use of transmission electron microscopy (TEM). Conventional TEM
(CTEM) including analytical electron microscopy (AEM) and high-resolution
TEM have been widely used. Indeed, for actinide research, early TEM and
scanning TEM (STEM) studies already provided important knowledge about
alteration of nuclear waste glass (e.g., [1-4]) and fission products in spent
nuclear fuel (e.g., [5]). The fundamentals of basic CTEM are described in
many text books (e.g., [6, 7]); thus, this chapter will not cover CTEM. Rather,
this paper reviews various aspects in STEM, because the focused probe is a
powerful means for determining both the local composition and the chemical
state by using an energy dispersive X-ray spectroscopy (EDS) and an electron
energy-loss spectroscopy (EELS) at a spot size that is near the atomic scale.
With an HAADF detector, STEM is capable of incoherent imaging that
reveals the chemical composition. The combination of HAADF-STEM with
EDS or EELS is a very useful method for describing the heterogeneous distribu-
tion of radionuclides; and thus, it has been applied to the characterization of
nuclear materials, which are summarized in this chapter. In addition, the size
of STEM probe has been dramatically improved in the recent several years
owing to the application of the spherical aberration (Cs) corrector to STEM.
The other capability that is described is tomography, which allows three dimen-
sional visualization of nanoscale materials. These two imaging methods are also
reviewed in this chapter.

2 HAADF-STEM

2.1 Comparison of HAADF-STEM with Conventional TEM

Although HRTEM and the associated analytical capabilities are generally the
most appropriate techniques for investigating the structural and chemical proper-
ties of nanoscale particles, the amount of the sample that is actually examined is
extremely limited due to the high resolution in TEM. This is an important
limitation when the element of interest is sparsely distributed and at low con-
centrations, particularly because the contrast in CTEM is formed by a coherent
imaging process. Even though the atomic scattering factor is greater for the
heavy elements, such as actinides, and those atoms appear ideally as darker spots
(Fig. la, top), the contrast transfer function (CTF) varies as a function of
objective lens defocus and the specimen thickness when forming the coherent
image in high resolution phase contrast imaging. Hence, it is not the easiest
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Fig. 1 (a) Simulated contrast profile calculated for each atom of each element discussed in the
examples of this study. The calculation was completed using the code developed by Kirkland [8].
The atoms were placed in a row at 1-nm intervals. (fop) BF-CTEM contrast profile. (bottom)
HAADF-STEM contrast profile. (b) Schematic illustration of the electron microscope configura-
tion used in the HAADF-STEM mode (JEOL JEM2010F). Both (a) and (b) were reproduced from
Utsunomiya and Ewing [9]

approach to observe actinides at very low concentrations. Bright-field (BF)
images in the STEM mode are formed by a coherent process, essentially the
same as BFTEM at high resolution; whereas, STEM turns into a remarkably
powerful method when electrons are collected by a high-angle annular detector.
Figure 1 shows the configuration of an electron microscope in the HAADF-
STEM mode. When the particle consists of relatively heavy elements, as com-
pared to the composition of the matrix material, HAADF-STEM becomes useful
for finding the nanoparticles of interest, as the contrast of the image is strongly
correlated with atomic number and sample thickness. For example, a contrast
profile calculated for each atom with various Z numbers based on the multislice
method is illustrated in Fig. la (bottom), which clearly reveals a positive
correlation of the contrast in HAADF-STEM with Z. The power of the derived
Z depgndence of the intensity generally ranges 1.5—1.8; that is, the intensity o
7518 101,
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2.2 Development in HAADF-STEM

As one can easily imagine, the early studies using annular dark-field (ADF)-STEM
were dedicated to imaging various heavy atoms on the surface of a thin film of
carbon, and interestingly, the selected targets included U acetate, organic matter
with U dimer, and U chloride [11, 12]. It was already realized in those days that,
given an appropriate geometry for the annular detector, elastically scattered elec-
trons at large angle (50—100 mrad) form an image with negligible phase-contrast
effects. In the late 1980s and the early 1990s, HAADF-STEM was under active
development, particularly for obtaining near-atomic scale chemical imaging of
inorganic crystals in material science; for example, Pt catalyst clusters [13], ion-
implanted Si [14], superconductor material, YBa,Cu3;0;_; [15, 16]. Unlike CTEM,
HAADF-STEM is based on the incoherent imaging process, and the contrast of the
image is not reversed by defocusing or by the specimen thickness [17, 18].
A theoretical study noted that the intensity in HAADF-STEM can vary slightly as
a function of specimen thickness due to contributions from coherent and multiple
scattering [19].

Thermal diffuse scattering (TDS), which is a signal used to form the image in
HAADF-STEM and which was previously considered as “background intensity,”
became a powerful source of information by using an HAADF detector. According
to Kirkland [8], fundamentally, each atom in the specimen vibrates thermally with a
frequency of 10'°~10"? Hz. The atomic vibration is quantized, and the quantum unit
is a “phonon”. The electron’s velocity in the beam of the electron microscope is
approximately 1.5 x 10'® cm/s. Thus, the time required for the electron to pass
through the specimen is approximately 0.7 x 10~'® s, which is much shorter than
the oscillation period of the atoms. However, the period between successive
electrons in an incident electron beam is longer than that of atomic oscillations.
Therefore, the image of each configuration of atoms is unique due to the random
atomic oscillations; as a result, the average of all the configurations of atoms
eventually becomes incoherent. The TDS profile through spatial frequency can be
calculated by the “frozen phonon” method, in which the atoms are allowed to
deviate from their original position following a Gaussian distribution [20].

2.3 Basic Imaging Theory in HAADF-STEM

The fundamental physics of the HAADF-STEM are described following Kirkland
[8]. The wave function of a focused probe at a position, X, is expressed as an
integration of the aberration wave function over the objective aperture (aperture
SiZe 1S Oyax 1N Maximum angle):

Kimax
v, (x,%p) = A4 JO exp[—iz(k) — 2mik(x — x,)]dk (1)
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j-kmax = Olmax (2)

where (k) is the aberration function, / is the wavelength of the electron, and Apisa
normalization factor to produce:

J [ (% %p) 7 Jx = 1 3

The transmission function of the specimen is:
t(x) = expliov.(x)] 4)

Here, ¢ is an interaction parameter expressed as:

2n (moc2 —|—eV) 5)

o= 2V \2mc? + eV

where my, c, and eV are the rest mass of the electron, the speed of light in vacuum,
and the kinetic energy of the electron in vacuum, respectively. The v,(x) in (4) is
the projected atomic potential of the specimen. The resulting transmitted wave
function is:

lPI(X) = t(x)lﬂp(xa Xp) (6)
Finally, the wave function on the diffraction plane can be described as:
¥i(k) = FT(y,(x)) (7

The signal on HAADF detector, g(x;,), is the integration of intensity on the
detector:

8(x,) = JD<k>|svt<k>|2dk ®)

D(k) = 1 on the detector
= 0 outside of the detector.

€))

As expected from (1), (7), and (8), a convergent-beam diffraction pattern is
formed on the back-focal plane. Thus, the intensity on the detector is the sum of the
pure elastic scattered electrons and the pure TDS electrons. Because the elastic
scattering must satisfy Black’s condition, that is the reciprocal lattice must cross
Ewald’s sphere, the intensity of zero order Laue zone (ZOLZ) becomes weak and
disappears in the high-frequency region of the diffraction space. As a result, TDS
scattering becomes dominant at high angles and is recorded by the HAADF
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detector. However, the first order or high order Laue zone (FOLZ or HOLZ) is
possible, and this signal may also be recorded by the HAADF detector. Eventually,
the contrast of the HAADF image is a result of the relative intensities of elastic
scattering and TDS on the HAADF detector.

2.4 Image Simulation and Filtering for HAADF-STEM

To simulate the high resolution HAADF-STEM image, Bethe’s eigenvalue method
[18, 21] and the multislice method [22-24] have been employed. An advantage of
the multislice method is its ability to account for mixed layers in the calculation of
specimen potential, which is performed by a linear superposition of the atomic
potential of each atom in the specimen; the atomic potential is related to the
scattering factor.

McGibbon et al. [25] demonstrated significant enhancement in the quality of the
Z-contrast image by using the maximum entropy analysis. The image intensity is
generally described by a deconvolution between a point spread function and an
object function, and the authors applied the technique of maximum entropy [26, 27]
in order to obtain the sharpest “most likely” object function resulting in decrease of
the image noise and to locate the atomic column positions with an accuracy of
approximately 0.02 nm. This method leads to the much improved atomic-scale
Z-contrast imaging coupled with Cg-corrected STEM [28], which is described in a
later section.

2.5 Application of HAADF-STEM to Nuclear Materials

The HAADF-STEM study has not been widely employed in radiological sciences
as compared with numerous applications reported in materials science. In this
section, we first describe examples of HAADF-STEM applied to uranium nano-
particles in various environments and then discuss topics relevant to nuclear
materials.

2.5.1 Uranium in Atmosphere

The occurrence of toxic metals including actinides in the ambient atmosphere is a
critical environmental issue. In particular, those metals in fine fraction (PM2.5) can
have increased toxicity and most likely penetrate deep into the respiratory system.
Utsunomiya et al. [29] performed chemical and structural characterization of
individual fine atmospheric particulates collected from Detroit urban area utilizing
HAADF-STEM in addition to bulk analysis. Among many heavy metals, the
authors found particles with extremely high contrast in HAADF-STEM image,
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which mainly consist of U and O (Fig. 2a). In this sample, the U concentration was
determined to be 0.25 ng/m® (9.2 ppm) prior to the TEM investigation by bulk
analysis. This work demonstrated that even actinides existing at the very low con-
centrations can be detected efficiently by means of HAADF-STEM. Interestingly,
some of the nanocrystals of uraninite were completely encapsulated by a fulleroid
(Fig. 2b). In this “fulleroid shell,” the U appears to be partially protected from the
ambient oxidizing conditions of the atmosphere, and this reduces its mobility in the
environment, as oxidized species of uranium are highly mobile. Rigorous characteri-
zation of U in the atmospheric particulates is directly linked to its bioavailability and
also provides new insight into the transportation processes of uranium by aerosols.

2.5.2 Uranium Precipitates on the Bacteria

Uranium can be utilized by microbes [30-33], which take advantage of the multiple
oxidation states of U(IV and VI) as a source of energy. The use of STEM was not
common in this research topic because the experiments were well controlled, and
CTEM usually provided the essential data for the characterization of the nanopar-
ticles formed on the surface of bacteria. Fayek et al. [34] demonstrated the value of
the coupled analyses of HAADF-STEM and nano-SIMS to characterize U nano-
particles formed on the cell surface. In their study, a Geobacter sulfurreducens
biofilm was placed in contact with U%*-rich synthetic groundwater. It is obvious
that the HAADF-STEM images shown in Fig. 3 generally provide information of U
localization both in large and small areas of observation. The associated EDS
elemental maps confirm the U distribution that is approximately correlated with
the distribution of high contrast spots, although the mapping takes as long as ~1 h,
and the X-ray count at low concentrations is often not distinguishable from back-
ground counts due to the short dwell time per pixel. Hence, HAADF-STEM
imaging is helpful to quickly determine the location of the U at a scale <10 nm.
These U precipitates were subsequently characterized as uraninite, UO,,,, which
were also observed in the previous study [33].

2.5.3 Submicron Scale Phenomena in Uraninite and Coffinite Alteration

Natural U ore deposits mainly consist of uraninite, UO, , ,, and this provides a
great opportunity for the investigation of the process of uraninite alteration over
geologic time scales, specifically reflecting the regional mineralogy, the physico-
chemical conditions of the fluid, and the age of formation of the U-ore. Because
uraninite alteration process in nature can provide an important insight that is
applicable to the safe geological disposal of U-bearing nuclear waste, many previ-
ous studies have reported bulk and microscopic phenomena in several U deposits all
over the world, which have already been summarized in a review article (e.g., [35]).
On the other hand, there are limited studies that characterized alteration zone at the
submicron scale. Recently, a HAADF-STEM has been successfully applied to
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Fig. 2 Application of
HAADF-STEM to
characterize uraninite
nanoparticles in the
atmospheric particulates [29]
(a) BF-TEM image reveals
the presence of small particles
within the carbonaceous
matter of the soot. (b)
HAADF-STEM image of the
area reveals the occurrence of
many heavy particles less
than 10 nm in size. The insets
are elemental maps of
uranium and oxygen by
STEM-EDX. (¢c) HRTEM
images show that U-bearing
nanoparticles are
encapsulated in the “cage”
structure of fulleroid

S. Utsunomiya et al.
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Fig. 3 HAADF-STEM images of Geobacter sulfurreducens after contacting with U solution [34].
(a) Magnified image showing the whole bacteria. (b) STEM-EDX element-distribution maps of Na,
Cl, O, and U showing these elements located on the surface of the bacteria. Red box represents area
selected for high-resolution (nm) HAADF-STEM analysis shown in (b). (a) (b) HAADF-STEM
image of the surface of bacteria (area outlined in red, Fig. 2). (b) STEM-EDX element-distribution
maps of Na, CI, O, and U from the region outlined in (a), showing the congruency between O and U,
and Na and CI. Note that U and CI are decoupled. (¢) HRTEM image showing the size of the
nanocrystals of uranium oxide on the surface of the bacteria. Numbers are d values, which are
indicative of the mineral uraninite (UO,). Samples were obtained from the 4-day experiments

investigate the alteration and precipitation of coffinite, USiO,4 [36, 37], and coffi-
nitization of uraninite [38]. For example, Fig. 4a—c display alteration front of
coffinite in the presence of apatite. The sample was from the Woodrow Mine,
Grants uranium region, New Mexico. The phase boundary and the dissolution pores
were clearly evident even at the thicker parts of the specimen, while they are
unambiguously displayed if observed by CTEM. Thus, it is emphasized that
HAADF-STEM imaging is suitable for a relatively thick sample. Based on these
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Fig. 4 HAADF-STEM images of the associated coffinite, M-Aut and CFAp [37]. (a) Dissolution
of CFAp by coffinite and subsequent alteration of coffinite and CFAp to M-Aut; (b) Alteration of
coffinite to M-Aut with associated SAED pattern of M-Aut and EDS analysis of the porous
coffinite enriched with Na (rimmed area); the diffused diffraction maxima indicate a low crystal-
linity of precipitated M-Aut; (¢) M-Aut precipitating inside CFAp grains and at the interface
between CFAp and coffinite; (a)—(c) Note the extensive formation of porosity

data coupled with the results from electron microprobe, the authors concluded that
microscale dissolution of apatite can create conditions conducive to the precipita-
tion of U(IV)- and U(VI)-minerals, leading to the reduced mobility of U-species
under both reducing and oxidizing conditions [37].

2.5.4 Groundwater Colloids and Nanoscale Particles
in the Contaminated Sites

Nanometer-sized colloids, consisting of inorganic and/or organic compounds, pro-
vide an important means of transporting elements with low solubilities, including
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the actinides [39, 40]. The formation of actinide pseudo-colloids, in which the
actinide sorbs onto aquatic colloids, can stabilize actinides in natural waters and
increase their concentrations by many orders of magnitude over the values expected
from solubility calculations [40, 41]. In spite of the numerous studies of colloids,
there is still a lack of information on the speciation of the actinides or the type of
colloids with which they are associated, particularly during the transport in the far-
field, some kilometers from the source. At the Mayak Production Association, Urals,
Russia, Pu was found to be associated with amorphous Fe-hydroxide (Fig. 5a and b)
and was transported through the groundwater system [43]. Unfortunately, the
HAADF-STEM was not able to capture the adsorbed Pu atoms on those colloids.
It was also reported that Pu has migrated 1.3 km in 30 years in groundwater by means
of colloids with sizes of 7 nm to 1 mm at Nevada Test Site [44]. In Utsunomiya et al.
[42], a variety of radionuclides including U were identified in the same samples of
Kersting Oet al. [44] from Nevada Test Site by a HAADF-STEM,; cesium uranate, Co
in Fe-Ni—Cr alloy, uranyl minerals (Na-boltwoodite and U oxide hydrates) (Fig. Sc—e).
The presence of these colloids was not predicted considering the solubility of
these phases, which may imply a thin coating layer on the surface of the colloids.
Nonetheless, the phase-dependent transport of these elements is of critical importance,
as each colloidal phase has characteristic properties in terms of mobility, under the
specific physicochemical conditions of groundwater.

2.5.5 Uranium Cluster Formation on Muscovite

Arnold et al. [45] conducted U(VI) adsorption experiments onto muscovite at room
temperature, and then the U speciation was examined by HAADF-STEM and time-
resolved laser-induced fluorescence spectroscopy (TRLFS). Results from TRLFS
indicated the presence of two adsorbed uranium(VI) surface species on edge-
surfaces of muscovite with different coordination environments: On the other
hand, HAADF-STEM revealed that nanoclusters of an amorphous uranium phase
were attached to the edge-surfaces of muscovite. These U-nanoclusters were not
observed on {001} cleavage planes of the muscovite. Combined with the TRLFS
data, the two surface species were characterized as truly adsorbed bidentate surface
complexes, in which the U(VI) binds to aluminol groups of edge-surfaces, and
amorphous U(VI) condenses as nanosized clusters of polynuclear uranyl(VI) sur-
face species with a particle diameter of 1-2 nm. Formation of these U nanoclasters
on the edge of ferrous mica was also reported in Ilton et al. [46]. This example
clearly demonstrates the successful combination of HAADF-STEM with another
analytical method, in this case, TRLFS.

2.5.6 Applications to the Nuclear Materials

As a daughter nuclide in the decay chain, Pb is of critical importance in radiochem-
istry and geosciences. On the other hand, zircon (ZrSiO,) has been proposed as
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Fig. 5 (a) HAADF-STEM image of the spherical colloids in the groundwater collected at the
Mayak Production Association, Urals, Russia. (b) Nano-SIMS elemental maps of the colloids.
(c) HAADF-STEM image of Cs—U-phase with the elemental maps. (d) EDX spectrum (bottom) of
this Cs—U-particle. Cu-peak is from Cu-grid. HAADF-STEM image of Na-boltwoodite with
elemental maps. (e) HAADF-STEM image with the elemental maps of U-phase attached to the
zeolite surface. The HRTEM image (bottom left) of the U-phase accompanied by the indexed FFT
image (bottom right) reveals the presence of uraninite nanocrystals after exposure to the electron
beam in STEM mode [42]

a waste form for immobilization of Pu from dismantled nuclear weapons [47, 48].
Hence, loss of trace elements, e.g., U, Pb, and Pu, from zircon depends on the form
of these elements and is of critical interest. Utsunomiya et al. [49] investigated a
high concentration Pb-zone (0.03 wt%) in a natural zircon crystal from meta-
sedimentary belt near the Jack Hills [50, 51] using HRTEM and HAADF-STEM.



Scanning Transmission Electron Microscopy and Related Techniques 45

A HAADF-STEM image revealed some patches of relatively high contrast, ~5 nm
in the diameter (Fig. 6a), and the nanoscale elemental map revealed the high
concentration of Pb (~3 wt%). The high resolution HAADF-STEM image of a
Pb-rich region showed a continuous zircon structure without distortion across the
Pb-rich region (Fig. 6b). It was suggested that (1) Pb substitutes directly for Zr in
the zircon structure, and that (2) there is no other Pb-rich phase present.

In addition to the patchy occurrence of Pb, numerous fission tracks were
observed in <5 nm width, which were created by high-energy (~100 MeV),
heavy particles from spontaneous fission events (Fig. 6¢). Although spontaneous
fission of U is infrequent (decay constant = 10~ '® per year), the old age
(>~3.3 Ga) and actinide content of these zircons suggests that fission tracks are to
be expected. The majority of the fission tracks showed a dark contrast in the
HAADEF-STEM images; however, one fission track had a higher concentration of
Pb (Fig. 6d) throughout the length of the entire track. The edge of the zircon lattice
(Fig. 6e), indicated by a yellow arrow, shows a lattice image with higher contrast
than the bulk zircon matrix, indicating the incorporation of Pb atoms into the zircon
structure adjacent to the fission track. These results suggest that among many fission
tracks and nanoscale Pb-rich domains, one Pb-rich domain was coincidently cut
across by a fission track, and Pb preferentially diffused along the amorphous track.

The advantage of HAADF-STEM with EDS mapping was also demonstrated in
a study that characterized the metallic epsilon phase nanoparticles in the reactor
zone 10 in Oklo natural fission reactor [52]. The epsilon phase (Mo—Ru—Pd—Tc—Rh)
is an important host of 9T¢ derived from a fission reaction, which has a long half
life (2.13 x 10° years). HAADF-STEM images show an Ru—As particle ~300 nm
in size surrounded by a Pb-rich region within the uraninite matrix (Fig. 7a). The
composition of the particle was determined semiquantitatively as: As, 59.9; Co, 2.5;
Ni, 5.2; Ru, 18.6; Th, 8.4; Pd, 3.1; Sb, 2.4 in atomic% (Fig. 7b). The Ru—As phase
was not a single particle but an aggregate of 100—200 nm sized particles. The phase
was identified as ruthenarsenite, (Ru, Ni)As, based on the HRTEM image and the
FFT (fast Fourier transformed) image (Fig. 7c).

Another Ru-phase observed in this sample was 600—700 nm in size. The elemental
distribution is rather complicated for this inclusion, as shown in the elemental maps
(Fig. 7d). Lead occurs at the core of the particle; whereas, the rim of the inclusion
consists of Ni, Co, and As without Ru. The Ru is enriched in the intermediate zone,
associated with As and Ni, forming ruthenarsenite. This complexly mixed texture
suggests that a process of dissolution and precipitation occurred within this inclusion.
Based on the nanoscale characterization by HAADF-STEM combined with
EDS and HRTEM, the history that the epsilon phases have experienced may be
as follows (1) The original epsilon phase was changed to, in most cases, ruthe-
narsenite, by As-rich fluids with other trace metals. Dissolution and a simulta-
neous precipitation may be responsible for the phase change. (2) All Mo and most
of the Tc were released from the epsilon phase. Galena precipitated surrounding
the 4d-metal phases. (3) Once the uraninite matrix has dissolved, the epsilon
nanoparticles were released and “captured” within alteration phases that are
immediately adjacent to the uraninite.
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Fig. 6 The occurrence of Pb in the Archean zircon [49]. (a) HAADF-STEM image of a patchy
concentration of Pb in zircon associated with elemental maps of the boxed region. (b) High
resolution HAADF-STEM image from the view along [010] with the inset of the FFT image.
(c) HRTEM image of the fission track with the view along [010]. The direction of the fission track
is parallel to the (010) plane. (d) HAADF-STEM image of the fission track with the elemental
maps of the boxed area. (e) High resolution HAADF-STEM image of the fission track from the
view along [010]
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Fig. 7 HAADF-STEM images (a and d) with EDS maps of the epsilon particles in the uraninite
matrix in the reactor zone 10 of Oklo natural fission reactor [52]. (a) Ruthenarsenite nanoparticle,
which was identified by the EDS spectrum (b) and the HRTEM with FFT image (c). (d) A Ru-phase
mixed with the other metals; Ni, Co, As, and Pb

HAADF-STEM imaging was also employed to characterize ion-irradiated syn-
thetic garnet structure that incorporates a variety of potential fission products [53].
Figure 8 shows the high resolution TEM (a) and HAADF-STEM image (b) of the
garnet, (Cas 37Thg s6) V" (Z12.03) " (Fes.06)" O12, which was irradiated by 1.0 MeV
Kr** at 0.12 dpa (displacement per atom) at room temperature. In the HAADF-
STEM image, amorphous domains appear as darker areas. As summarized in the
previous section, there are some factors that can make the amorphous matrix have a
darker contrast in the HAADF-STEM mode; thickness, density, structural configu-
ration of specimen, and the average mass [9]. In this case, the chemical composition
of the amorphous volume does not change significantly as compared to that of the
crystalline remnants. Thickness and density in the amorphous domains possibly
changed from the original garnet. The previous studies on radiation effects in zircon
reported that swelling increases and the density decreases concurrently with the
increasing accumulation of dose [54, 55]. The swelling may result in an increase of
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Fig. 8 HRTEM image and HAADF-STEM image of the garnet (Cay37Thgse)" ™ (Zrs03)
VI(Fe, 96)Y Oy, after the irradiation with 1.0 MeV Kr?* at 0.12 dpa (displacement per atom) at
room temperature [53]

thickness in the amorphous area, and the thicker amorphous area may have a
brighter contrast in HAADF-STEM, but the decrease of density in the amorphous
area has an opposite contribution, making the contrast darker. A loss of the
structural configuration in radiation-induced amorphous domain can also make
the contrast darker as observed in zircon. Thus, the combined effect of the loss on
the structural configuration and of the decrease on the density in the amorphous
domains contributed to the contrast being greater than the effect of thickness
changes.

Xenon is also one of the fissiogenic elements in nuclear reaction. Mitsuishi et al.
[56] performed atomic-scale HAADF-STEM imaging of Xe in Al metal combined
with multislice image simulation and reconstructed the structure of Xe nanoclusters
formed in Al crystalline matrix.

All of these examples illustrate the efficacy and power of Z-contrast imaging in
HAADF-STEM for characterizing the occurrence of actinides and other heavy trace
metals at near the atomic-scale, even at ppm levels of concentration. In particular,
these examples provided new insight as to the form of migrating U and the other
radionuclides in the environment. Another aspect is the importance of combination
of the HAADF-STEM technique with the other state-of-the-art analytical methods:
SIMS, TRLFS, and so on. Some of the examples show that multiparameter analysis
combined with the STEM capability was still required for a complete understanding
of the speciation of the element of interest, partly because of the limited volume of
the TEM analysis and the relatively high level (~0.1 wt%) of detection limit in EDS
(semi-) quantitative. However, recent developments in aberration correction in
STEM has dramatically improved the capability of atomic-scale analysis and
overcome some of the previous disadvantages. The advantages of Cs-corrected
STEM are summarized in Sect. 5.
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3 Electron Energy-Loss Spectroscopy

EELS with TEM is commonly used to determine the chemical state, such as the
electronic structure of elements in target materials, in the small volume through
which the electron beam passes. Fundamental aspects of EELS have been summar-
ized in [57]. Application of EELS to the actinide research has been recently
summarized in extensive reviews by Moore [58] and Moore and van der Laan
[59]. As discussed by Moore [58] and Moore et al. [60], the EELS spectral shape is
identical to synchrotron-based X-ray absorption spectrum. For actinide materials,
several core-loss edges, O45 edge, N4 s edge, and My s edge, can be examined
owing to the multiple shells of the electron orbitals. The O,4 5 edge and N, 5 edge are
shown in Fig. 9a, b [62, 63]. The O,45 prepeak size and structure depend on the
spin—orbit interaction of both the 5d and 5f states. In the case of the N, 5 edge, the
ratio of the Ny(d3/,) and Ns(ds,) peak intensities can be indicative of the relative
occupation of the 5f5,, and 5f7), levels.
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Fig. 9 (a) The O45 (5d—5f) EELS edges for the ground-state o-phase of Th, U, Np, Pu, Am, and
Cm metal. (b) The N4 5 (4d—5f) EEL spectra for Th, U, Np, Pu, Am, and Cm metal. Each spectrum
is normalized to the Ns peak height. (a) and (b) are from Moore and van der Laan [59]. (¢) The M, 5
(3d—5f) EEL spectra for synthetic uraninite, U(IV)O,, and synthetic uranophane. (d) The corre-
lation of the branching ratio Ms/(M4+Ms) with the number of f electrons [61]
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As in the EELS studies in nonradioactive elements [64, 65], a procedure to
determine the chemical state of radionuclides by using EELS has been explored.
A determination of the oxidation state of U at nanoscale is needed because the
geochemical mobility of U varies as a function of its oxidation state. On the other
hand, U* tends to disproportionate into U®* and U**, except that relatively stable
U°* has been recognized on mineral surfaces; e.g., on the edge surface of biotite
[66]. While X-ray photoelectron spectroscopy (XPS) and synchrotron-based X-ray
absorption spectroscopy (XAS) have been widely used to quantify the oxidation
state of U in experimentally prepared samples and natural samples, an analytical
method at smaller scale than their probe size has been needed because the U
frequently occurs localized in submicron domains. Naturally, EELS analysis of
U has been attempted due to the high special resolution. Two EEL spectrums of U
M, 5 edges taken from synthetic uraninite and synthetic uranophane are given in
Fig. 9c as representative standards for U** and U®*, respectively. As shown in the
figure, these two spectra have minimum differences. Difficulties in determining U
oxidation state are due to the low count in core-loss electrons at >3,000 eV because
the signal of EELS spectrum exponentially decreases as a function of energy and
from electron beam-induced destruction of the structure with subsequent reduction
of U oxidation state in many uranyl minerals. Colella et al. [61] have succeeded in
determining U oxidation state using U M, 5 edge, of which the two white lines at
3,552 eV (Ms), and 3,728 eV (M) correspond to two electronic transitions 3ds/, —
5f7» and 3ds;; — 5f5), respectively. The authors minimized the beam damage by
keeping the specimen at the temperature of liquid nitrogen (—178°C) while using
the maximized beam current to improve the signal to background ratio. The second
derivative numerical filtering was applied to the spectra, and the integration of the
peak intensity above zero was calculated in order to obtain the branching ratio, Ms/
(M4+Ms), which polynominally correlates with the number of f electrons leading to
the U valency (Fig. 9d). A similar method was applied to estimate the oxidation
state of Pu [67]. The M, 5 edge was also used to detect ppm levels of actinides
[68, 69].

4 Electron Tomography

4.1 Introduction of Electron Tomography by TEM

Electron tomography is a powerful method for obtaining the three-dimensional
structure of various samples at the nanometer scale. Figure 10 shows an example of
TEM three dimensional tomography, the reconstruction of an object viewed from
different angles (Kamiishi and Utsunomiya, submitted). The specimen is hydroxy-
apatite reacted with 0.5 mM Pb nitrate solution for 9 h at room temperature. This
three-dimensional reconstruction clearly reveals that Pb-hydroxyapatite precipi-
tates and grows perpendicular to the c-axis only on the tip of the hydroxyapatite.
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hydroxyapatite
remnant

Fig. 10 An example of electron tomography. The images are the ones tilted at 0° and + 54° of
BFTEM tomography. Hydroxypyromorphite nanocrystallite whisker and pseudomorph formed on
hydroxyapatite are shown in three dimensions (Kamiishi and Utsunomiya, submitted). Full movie
of BFTEM tomography is available on the web site (http://mole.rc.kyushu-u.ac.jp/~ircl/)

Tomography has been utilized in biological and physical sciences as an important
technique for the study of the topology of biological materials, such as viruses or
macromolecular assemblies. Their shape governs their specific chemical or physi-
cal properties. In material science, the use of tomography has been driven by the
development of nanoscale devices.

Progress in tomographic reconstruction techniques has been accelerated by
medical applications related to the development of the X-ray tomography in the
(CT) scanner [70], which required new computational algorithms in order to
construct the image. The method of tomography has been applied to many other
disciplines including electron microscopy. In the early application of electron
tomography, De Rosier and Klug [71] determined the three-dimensional structure
of a biological macromolecule by the Fourier reconstruction methods, in which the
helical symmetry of the structure allowed for reconstruction from a single projec-
tion. Later, Hoppe et al. [72] demonstrated that reconstruction from multiple
projections is possible for asymmetrical systems.

4.2 Data Collection and Reconstruction

Data for electron tomography can be obtained by tilting the specimen with respect
to the electron beam. In general, a tilt series is taken at 1-2° angular intervals over
an angle range of —60° to +60° using specially designed high-tilt specimen holder.
This holder is modified by reducing the width of the holder to minimize the effect of
shadowing of the specimen by the holder edge. The resolution and quantity of the
reconstructed object depend on the angular range and the angular step of the tilt, as
well as the resolution of the projections. The acquired projections must be corrected
by estimating the sample movement based on the FFT cross-correlation. In most
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cases, reconstruction in electron tomography is carried out by back-projection
procedure, in which a tilt series of the projected BFTEM or HAADF-STEM
images were utilized to build the three dimensional structure. The procedure in
electron tomography is concisely described in Midgley and Weyland [73].
Briefly, a point in space may be uniquely described by any three rays passing
through that point. If the shape of an object is complex, more rays are then
required to describe it uniquely. Fundamentally, a projection of an object is an
inverse of such a ray, and will describe some of the complexity of that object.
Therefore, inverting the projection, “smearing out” the projection into an object
space at the angle of projection, generates a ray that will describe uniquely an
object in the projection direction.

4.3 Application of HAADF-STEM and Energy-Filtered TEM
to Electron Tomography

Most of the previous electron tomography studies are reconstructed from a tilt
series of BF-TEM images. In the case of a noncrystalline specimen, the contrast of
BF image is correlated with thickness and density of the target. However, for
crystalline materials, the contrast depends on the diffraction condition of the
crystal, resulting in BF images of this case being less suitable for the tomographic
reconstruction [74]. Therefore, application of HAADF-STEM and energy-filtered
TEM (EFTEM) to tomography has been recently explored in the physical sciences.
As an example, a heterogeneous catalyst composed of Pd¢Rug¢ particles (~1 nm in
diameter) within a mesoporous silica was located using this technique [75]. The
authors were able to show evidence of a single PdgRug particle anchored to the wall
of the mesopore (Fig. 11). In addition, by using a tilt series of EFTEM elemental
maps, it is possible to reconstruct a three-dimensional elemental distribution map
[76, 77].

4.4 Prospect of Electron Tomography in Actinide Research

Applications of electron tomography continue to expand. A new technique for
acquiring a complete tilt series (tilt angular range: £90°) of a specimen can
eliminate the missing tilt angle, which is created in the shadow zone by the holder
edge [78]. Aberration-corrected STEM allows the reconstruction of high-resolution
atomic-scale tomography by varying the probe focusing point rather than tilting
sample [79, 80]. Although the application of electron tomography has not been
explored in actinide research, this technique should be a powerful approach to the
investigation of the three dimensional distribution, topology, and orientation of
actinide nanoparticles, nanodomains, and even single atoms.
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Fig. 11 Three-dimensional
structure of an heterogeneous
catalyst composed of Pd¢Rug
particles, colored red, within
a mesoporous silica support
(MCM-41). (a) and (b): two
perpendicular voxel
projections of the
reconstruction volume.

(c¢) A surface render of a
single mesopore extracted
from the volume to reveal two
nanoparticles within its
interior [75]
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5 Aberration-Corrected STEM

Recently, the resolution of STEM, as well as TEM, has dramatically improved due
to the revolutionary development of aberration correction technology. The achieve-
ment of ultra-high resolution is due to the correction of spherical aberration (Cs).
Resolution of Cs-corrected STEM now achieved single atomic column or single
atom scale. The Cg-corrected STEM and TEM in conjunction with EELS, EDS, and
HAADF detector allow us to perform multiparameter analysis with better resolu-
tion and quality than the conventional STEM and TEM. This section is intended to
concisely summarize several aspects related to Cs-corrected STEM based on its
potential for application to actinide research.

5.1 Basics of Cs Corrector

The Cs stands for the spherical aberration of rotationally electromagnetic lenses.
Spherical aberration was discovered, with chromatic aberration (Cc) as the
unavoidable aberration of rotationally electromagnetic lenses [81]; these aberra-
tions cause image blurring and limit the spatial resolution to about 2 A, which is 50
times the wavelength of electrons accelerated in 100-200 keV. Spherical aberration
mainly causes this blurring, and the resolution limit d is expressed by d = ACs"*2**
(A = ~0.66) [82, 83], where A is the constant that depends on the condition of
microscope, Cs is the spherical aberration coefficient, and / is the wavelength of the
electron. From this equation, it is evident that reducing the value of Cg can lead to
an improvement in the resolution. The schematic illustration of spherical aberration
and correction by multipole corrector is shown in Fig. 12 [85].

5.2 The History of Cg Correction

Since Scherzer [81] pointed out that rotationally symmetric electron lenses of
transmission electron microscope have unavoidable aberrations and proposed
some alternative ways to improve the resolution by correcting aberrations, many
researchers have tried to compensate for the aberration, and Cs-corrected TEM (not
STEM) developed with greatly improved resolution in the early 1990s [84, 86].
On the other hand, after the invention of STEM in the late 1960s as a novel
alternative technique to the TEM imaging [87], researchers started to correct
aberrations in STEM in the early 1970s, and considerable effort to correct the
aberration had been made over the last 40 years [88]. This effort led to the
development of aberration corrector to compensate for the spherical aberration:
hexapole corrector [89-91], quadrupole—octopole corrector, and multipole correc-
tor [92, 93]. A series of articles [94, 95] reported the progress in the development of
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Fig. 12 The schematic illustration of spherical aberration and correction by multipole corrector
[84]. (a) Spherical aberration of a converging lens. The focal length of the electron beams passing
outside of the lens form a focal point distance in front of the image plane that is defined by the
paraxial beams. The image of point P is blurred and imaged as disk of radius R on the plane.
(b) Aberration corrector combined with the lens compensates the spherical aberration

aberration corrector implemented in VG dedicated STEM. By 2003, when the
articles were written, a sub-A sized electron probe and the current of an atom-
sized probe by a factor of more than 10 had been achieved. The resolution limit of
TEM and STEM is currently achieved at 0.5 A due to the simultaneous correction
of the chromatic aberration and spherical aberration using multipole correctors, and
improvement of mechanical stability in the framework of the transmission electron
aberration-corrected microscope (TEAM) project that was initiated in the early
2000s [96]. The historical progress in resolution of microscopes is illustrated in
Fig. 13 [98].

5.3 Merit and Application of Cs-Corrected STEM

At first, one can simply observe and characterize individual atoms with high
sensitivity, because the high beam current created by using Cg-corrector allows
one to obtain strong signals in imaging and analysis [97, 99]. In addition, Cs-
corrected STEM can achieve the sub-A resolution even at low voltage, thus mini-
mizing damage to the specimen. Hence, some beam-sensitive materials consisting
of light elements have been observed recently, such as monolayer BN [10].
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Fig. 13 The historical progress in the resolution of electron microscopes [97]

The focus of current research using Cs-corrected STEM is not only on the light
element compounds but also on the analysis of heavy metals such as Au atoms and
their behavior on amorphous carbon [97, 100].

5.4 Atomic-Resolution Spectroscopic Imaging

Coinciding with the great improvement in probe size and electron current in STEM,
atomic-resolution spectroscopic imaging has greatly advanced in materials
research. As a further application, the technique of aberration-corrected STEM in
conjunction with EELS has allowed column-by-column resolution analysis of
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chemical composition, electronic structure, and oxidation state analysis [101-103].
Interestingly, Varela et al. [103] have also demonstrated different methods for
obtaining the average oxidation state of Mn in manganite and concluded that the
O K edge AE (main peak to pre-peak separation) method is the most reliable.
In some special cases, chemical analysis at the atom-by-atom level has succeeded
[10, 99, 104, 105]. Nevertheless, a caution was raised by Oxley et al. [106]
concerning the factors that affect the contrast of atomic-resolution spectroscopic
image. Specimen thickness is a particularly important parameter that can poten-
tially modify the EELS image due to a dechanneling phenomenon, in which the
heavier elements scatter electrons at higher angle, lowering the number of electrons
in the EELS image [106, 107]. As a result, the spectroscopic image simulation is
necessary for detailed investigation at the sub A scale when the specimen thickness
becomes thicker than ~100 A. Further aspects in terms of development in spectro-
scopic imaging using Cs-STEM have been reviewed in Pennycook et al. [107].

5.5 Future Developments

A sub A electron probe formed by Cg corrector has made it possible to perform
multiparameter analysis at the sub Alevel. Although the application of Cs-corrected
STEM to nuclear science has never been explored, such a capability will have a
great impact on our ability to investigate nuclear materials, because the atomic-
scale phenomena are closely linked to bulk properties. As mentioned in Pennycook
et al. [107], “the intrinsic benefits of STEM for simultaneous imaging of atomic and
electronic structure have progressed from a dream limited by noise to a practical
reality waiting for application”. Still, it is easy to imagine that the resolution
limit will be further improved in future with progress in the development of
aberration correctors.
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