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XAFS studies were performed in a study of americium sesquioxide (Am,03) with A-type rare earth oxide
structure and americium dioxide (AmO,) with fluorite structure. EXAFS results on the Am-Ly; absorption
edge of Am;03 and AmO, were in good agreement with crystallographic data resulting from X-ray dif-

fraction analysis. Theoretical assignments were performed using the all-electron Full Potential Linearized
Augmented Plane Wave (FP-LAPW) method in characterizing XANES with regard to the electronic struc-
ture of Am,03 and AmO,. The theoretical XANES spectra of Am,03; and AmO, well reproduced the exper-
imental ones. In addition, it was found that the white line peak was created due to the interaction
between the Am-d and O-p components, and the broad peak and the tail peak were created due to the
interaction between the Am-d and O-d components.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Minor Actinides (MAs) accumulate in irradiated nuclear fuel.
Among MAs, americium (Am) has high and lasting radiotoxicity.
In addition, the oxidation state of Am ions varies at high tempera-
tures due to their high oxygen potential. Many types of advanced
Am containing fuels, including Am mixed oxide (Am-MOX) fuels,
have been investigated for use in Fast Reactors (FRs), they include
the problem of resulting in oxidation of the cladding tubes by the
excess oxygen generating because of the reduction from Am** at
high temperatures. For this reason, identifying the local and elec-
tronic structure around Am atom in Am oxide is indispensable
information on advanced Am containing fuels.

The X-ray Absorption Fine Structure (XAFS) technique that in-
cludes the Extended X-ray Absorption Fine Structure (EXAFS) and
the X-ray Absorption Near-Edge Structure (XANES) techniques is
an excellent method of examining the local and electronic struc-
ture surrounding actinide atoms in oxide fuels [1-5]. In particular,
XANES is very useful in determining the symmetry, bond distance,
and electronic structure around the absorbing atom.

Martin and co-workers utilized the XAFS technique in investi-
gating the local structure of actinide atoms and simulated fission
products in UO, and other oxide fuels [3-5]. They demonstrated
the efficacy of EXAFS in studying the local structure of these minor
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constituents of fuel matrixes. Recently, XAFS studies on Am con-
taining oxides: (Zr, Y, Am)O,_, [6] and Am,Zr,0, [7] have also ta-
ken place. However, despite the importance of the structural and
electronic information on pure Am oxides, XAFS studies on pure
Am oxides have been scarce due to experimental difficulties.

In this paper, the XAFS measurements at Am-Ly; absorption
edge of Am,03; and AmO, were performed in transmission mode.
The EXAFS spectrum was then analyzed in the conventional way
using a computer program in proving the validity of the experi-
mental EXAFS and XANES spectra. Moreover, the theoretical
assignment of the Am-L;; XANES spectra of Am,03; and AmO, took
place using the all-electron FP-LAPW method in investigating the
electronic structure as a fundamental evaluation tool with Am
oxides.

2. Experimental
2.1. Am,03 sample preparation

Stoichiometric Am,03; powder for use in the XAFS measure-
ments was prepared by heating 2>AmO, powder at 1273 K for
2 hin N, + 4% H; mixture gas flow. The purity of the AmO, powder
was about 99.7% with regard to nonradioactive impurities [8]. The
sample was also examined by powder X-ray diffraction analysis
with Cu Ko radiation to identify the phases and to determine the
lattice parameter. The X-ray diffraction pattern is shown in
Fig. 1, where ZrN powder was used as an internal standard. The
X-ray diffraction analysis revealed the sample to be composed of
a hexagonal phase with lattice parameters of 0.3818 nm for the
a-axis and 0.5980 nm for the c-axis. The lattice parameters esti-
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Fig. 1. X-ray diffraction pattern of Am,05 (hexagonal phase) together with ZrN
powder as an internal standard.

mated using the X-ray diffraction pattern were almost the same as
values found in literature (0.38155nm for the a-axis and
0.5975 nm for the c-axis) [9].

The Am,05 and graphite powder was stirred and pressed into a
disk of 6 mm in diameter. The Am,05 weighed 5.5 mg, correspond-
ing to 37 MBq, while the graphite weighed 37.5 mg. The optimum
sample thickness of Am,03 in the transmission XAFS measure-
ments was determined using the equation Aut=1, where Au is
the absorption edge jump of Am and t the optimum sample thick-
ness. The optimum sample thickness estimated using the Au of Am
[10] was identified in the calculations to be 13.5 um. The disk was
doubly sealed in two polyethylene terephthalate (PET) containers
using epoxy resin (stycast 1266).

2.2. XAFS measurements

XAFS measurements at the Am-Ly; absorption edge of Am,0;
took place in transmission mode at the hard X-ray station BL-27
in the Photon Factory of High Energy Accelerator Research Organi-
zation (KEK) at an energy level of 2.5 GeV. The radiation was
monochromatized using a double-crystal Si(1 1 1) monochroma-
tor. The intensity of the incident and transmitted beams was mon-
itored utilizing an ionization chamber with a flow of Ar/N, gas and
Ar gas, respectively. EXAFS and XANES spectra were both recorded
at room temperature. Energy calibration of EXAFS and XANES spec-
tra were achieved using the Zr foil (K-edge: 17.998 keV [11]) refer-
ences positioned in front of the sample. XAFS measurements at the
Am-Ly; edge of AmO, had already been performed. The detailed
information was described in Ref. [12].

The EXAFS spectrum was analyzed in the conventional way
with the computer program WinXAS (version 3.1) [13] in proving
the validity of the experimental EXAFS and XANES spectra. The
atomic distances and coordination numbers were determined
through fitting the inverse Fourier transformation of the isolated
contribution of the interest shells on the R-space distributions to
the EXAFS equation, where the EXAFS analysis was based on the
back-scattering amplitudes and phase shifts calculated in FEFF 8
(version 8.4) code [14] theoretical calculations using the crystallo-
graphic data resulting from XRD analysis.

2.3. XANES analyses

The XANES spectra were analyzed using the all-electron FP-
LAPW method, as implemented using Wien2k code [15] within
the framework of Density Functional Theory (DFT). In the calcula-

tions, relativistic effects were fully introduced for the core-elec-
trons by solving the Dirac equation, while the valence electrons
were treated within the scalar relativistic approximation. The ex-
change-correlation energy was described within the Generalized
Gradient Approximation (GGA) [16] with a Hubbard U parameter,
which applied to Am-d orbitals is 7.0 eV. The muffin-tin radii of
Am and O were set to be 2.26 and 2.10 bohr, respectively. The cut-
off parameter RyrKmax used to limit the number of plane waves
was set to be 7.0, where Ryt is the smallest value of all the atomic
sphere radii and K,.x the largest reciprocal lattice vector used in
the plane wave expansion. In order to avoid any interactions be-
tween adjacent core-holes, calculations were performed on a
3 x 3 x 2 supercell (90 atoms) for Am,03 and a 2 x 2 x 2 supercell
(96 atoms) for AmO,. In addition, a k-point sampling mesh of
3 x 3 x 3 for the reciprocal space of the supercell for both Am,03
and AmO, was used. The theoretical spectra were calculated with-
in the electronic-dipole-allowed transition in the core-hole state.
The core-hole effects were fully taken into account in the calcula-
tions by removing one electron from the Am 2pj3, orbital of inter-
est and putting one additional electron to the bottom of the
conduction band. The theoretical spectra were convoluted with a
Gaussian function of 12.0eV Full Widths at Half Maximum
(FWHM). The unoccupied Partial Densities Of States (PDOS) were
convoluted with the Gaussian function of 0.5 eV FWHM.

3. Results and discussion
3.1. Verifications of Am,03 and AmO, EXAFS and XANES spectra
Fig. 2 shows the EXAFS and XANES spectra of the Am-L;; absorp-

tion edge of Am,03 and AmO,. Two peaks (peaks A, B) and tail peak
A’ can be observed in XANES spectra. An energy shift of a white line
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Fig. 2. Experimental EXAFS and XANES spectra of Am-Ly; absorption edge of Am,03
and AmO, [12].
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peak was also observed at about 4 eV, which is consistent with the
chemical shift between Am3* and Am*". EXAFS analysis was per-
formed in view of the effect of the main multiple scattering using
the atomic distances and coordination numbers of Am,0s; and
AmO, that were calculated with crystallographic data obtained
from X-ray diffraction analysis (refer to Table 1). The resultants
k3-weighted EXAFS oscillations of Am,03; and AmO, [12] are pro-
vided in Fig. 3, where the broken line corresponds to the calculated
data in fitting it to the experimental data. The obtained EXAFS
oscillations of Am,03; and AmO, covered the wave vector of k up
to 150 nm~! and 170 nm~', which proved wide enough to obtain
a sufficiently resolved Fourier transformation of the EXAFS oscilla-

Table 1
Atomic distances and coordination numbers of (a) AmO, and (b) Am,05 calculated
using crystallographic data resulting from X-ray diffraction analysis.

Shell Distance (nm) Coord. no.
(a)

Am-0 0.2329 8
Am-Am 0.3804 12
Am-0 0.4460 24
(b)

Am-0 0.2299 3
Am-0 0.2386 1
Am-0 0.2650 3
Am-0 0.3594 1
Am-Am 0.3676 3
Am-Am 0.3753 3
Am-Am 0.3818 6
Am-0 0.4457 3
Am-0 0.4502 6
Am-0 0.4648 3
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Fig. 3. k>-Weighted EXAFS oscillations of Am-L;; absorption edge of Am,0; and
AmO,.
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Fig. 4. R-space distributions of Am-Ly; absorption edge of Am,03; and AmO,.
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Fig. 5. Experimental and theoretical XANES spectra of Am,0; together with the
PDOS of Am-d, O-p and O-d atoms.
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tion. As shown in Fig. 3, it was found that good agreement between
experimental EXAFS oscillations and calculated one. In addition,
the Fourier transformation of the EXAFS oscillation is shown in
Fig. 4. It was also found that good agreements between experimen-
tal Fourier transform of EXAFS oscillation and calculated one. Thus,
it can be concluded that the experimental Am-L;; EXAFS and
XANES spectra of Am,03 and AmO, are high-quality spectra that
can be used to obtain useful information on local and electronic
structure.

3.2. Electronic structure of Am,03 and AmO, related with XANES
spectra

The experimental and theoretical XANES spectra of the Am-Ly;
absorption edge and the major components of PDOS, Am-d, O-p
and O-d of Am,03 and AmO, are shown in Figs. 5 and 6. The energy
of the Highest Occupied Molecular Orbital (HOMO) was set to be
zero for the theoretical XANES spectra. The experimental and the-
oretical spectra aligned in the peak A position. It was found that
the both the experimental XANES spectra could be considered to
be basically the same, although the tail peak A’ of Am,03; was
slightly larger than that of AmO,. The different tail structure may
have been caused by the structure of the adjacent O atoms around
Am. The theoretical XANES spectra of both Am,03 and AmO, well
reproduced the experimental ones regardless of the difference of
symmetry. It was also found that the XANES spectrum of the
Am-Ly; absorption edge was mainly constructed from Am-d com-
ponent in Am,03 and AmO,. With respect to the contribution of
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Fig. 6. Experimental and theoretical XANES spectra of AmO, together with the
PDOS of Am-d, O-p and O-d atoms.
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Fig. 7. Differential XANES spectrum and differential PDOS. The differential data was
calculated by subtracting that of AmO, from that of Am,0s.

the O component in Am,03; and AmO,, the O-p component was
dominant at peak A, while the O-d component was dominant in
the higher energy range around peak B and tail peak A'. Therefore,
the peak A was created due to the interaction between the Am-d
and O-p components, while the peak B and the tail peak A’ resulted
from the interaction of the Am-d and O-d components.

Differential XANES spectrum and differential PDOS were ob-
tained in order to investigate the relationship between the XANES
spectra and the electronic structure. The differential ones were cal-
culated by subtracting those of AmO, from those of Am,03. The
differential XANES spectrum and the differential PDOS are also
plotted in Fig. 7. From these results, the XANES spectrum of the
Am-Ly; absorption edge was mainly constructed from the Am-d
component in Am,03; and AmO,. In the range of the peak A, the
O-p component was stronger than the O-d component. On the
other hand, in the range of the peak B and the tail peak A’, O-d
component was slightly stronger than the O-p component. Accord-
ingly, in the range of the white line peak, the interaction between
the Am-d and O-p components was stronger than that between the
Am-d and O-d components, and then, in the range of the broad
peak and the tail peak, the interaction between the Am-d and O-
d components was slightly stronger than that between the Am-d
and O-p components.

4. Conclusions

The EXAFS and XANES spectra of Am,03; were successfully ob-
tained through transmission XAFS measurements. XANES analysis
was then utilized to explain the different electronic structure
around Am atoms in Am,03; and AmO,. The conclusions were as
follows:
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(1) The EXAFS results of Am,03 and AmO, were in good agree-
ment with the crystallographic data resulting from X-ray dif-
fraction analysis. Therefore, the experimental Am-Ly; EXAFS
and XANES spectra of Am,03 and AmO,, can be considered as
high-quality spectra for use in obtaining useful information
on local and electric structure.

(2) The XANES spectra were analyzed using the all-electron FP-
LAPW method implemented with Wien2k code and within
the framework of DFT. The theoretical XANES spectra of both
Am,03; and AmO, well reproduced the experimental ones
regardless of the difference of symmetry.

(3) In comparison with the electronic structure of Am,03 and
AmO,, the interaction between the Am-d and O-p compo-
nents was stronger than that between the Am-d and O-d
components in the range of the white line peak and the
interaction between the Am-d and O-d components was
slightly stronger than that between the Am-d and O-p com-
ponents in the range of the broad peak and the tail peak.
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