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While x-ray absorption spectroscopy is mainly governed by electric-dipole transitions, the technique of
nonresonant inelastic x-ray scattering (NIXS) offers the possibility to explore higher-order multipole transitions.
These transitions obey different selection rules that can reach final states of higher angular momenta, opening
complementary spectroscopic perspectives. Here, we investigate the suitability of NIXS to study transuranium
compounds. We show that the K edge of the Be encapsulation can be practically fully excluded by using the
imaging capabilities of the technique arising from the position of the signals on the multidetector. Experimental
results for the multipole transitions at the actinide O4,5 edges (90–120 eV) in UO2 , NpO2 , PuO2 , and Pu2 O3 are
compared with multielectronic calculations. The spectral features are shown to be very sensitive to the ratio of
the triakontadipole and octupole transitions, which could potentially be used to assess the radial expansion of
the 5 f wave function, which is expected to occur in covalent mixing with the O 2p states.
DOI: 10.1103/PhysRevB.101.075103
I. INTRODUCTION

X-ray absorption spectroscopy (XAS) has been established as a powerful method to obtain detailed information
about the local electronic ground state of materials by direct
excitation of a core electron into an unoccupied valence
state [1]. In particular, rich multiplet structure is present at
the L2,3 edges (2p → 3d excitation) of 3d-transition metals
[2], the M4,5 (3d → 4 f ) of lanthanides [3], and the M4,5
(3d → 5 f ) and N4,5 (4d → 5 f ) of actinides [4], providing
a direct fingerprint for the electronic ground state. More
intricate to analyze are those XAS spectra where core and
valence states share the same principal quantum number, such
as in the M2,3 edge (3p → 3d excitation) of 3d-transition
metals [5], the N4,5 (4d → 4 f ) of lanthanides [6], and the
O4,5 (5d → 5 f ) of actinides [7,8]. These shallow core levels
give rise to very intense but broad peaks, known as giant
or Fano resonances [9]. In the case of the electric-dipole
transition 5d → 5 f in actinides, the asymmetric Fano profile
originates from the excitation-decay process 5 f n + h̄ω →
5d 9 5 f n+1 ↔ 5d 10 5 f n−1 ε in resonance with the direct photoemission 5 f n + h̄ω → 5d 10 5 f n−1 ε, where  denotes a
continuum state. The super-Coster-Kronig decay of the excited state 5d 9 5 f n+1 is due to the large radial matrix element
R(5d, ε; 5 f , 5 f ). Because of the large 5d-5 f Coulomb and
exchange interactions, the multiplet structure in the final state
stretches out over an energy of ∼20 eV [8]. Dipole transitions
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are only allowed to final states with relatively low angular
momentum, which are primarily located at the high-energy
side of the manifold [10,11]. For Th, U, and Np the dipole
transitions in XAS and electron-energy-loss spectroscopy
(EELS) result in a broad peak accompanied by small prepeaks
at ∼15 eV lower energy [8]. The prepeaks are allowed due
to first-order perturbation by the 5d spin-orbit interaction on
the 5d-5 f exchange interaction, where the latter interaction
mainly determines the energy splitting [12]. Generic prepeaks
also occur at the lanthanide N4,5 edges [6] and 3d-transition
metal M2,3 edges [5].
For higher-order multipole transitions the selection rules
allow reaching higher orbital momenta, which are located at
lower energies, below the onset of the continuum states. These
transitions will become observable in nonresonant inelastic xray scattering (NIXS), also known as x-ray Raman scattering
spectroscopy, using high photon energies (∼10 keV) with a
large momentum transfer (∼10 Å−1 ). While the cross section
of NIXS is rather small, it is substantially larger for transitions
between shells of the same principal quantum number, like the
5d → 5 f , due to the large radial overlap. The high momentum transfer also moves the Compton peak to higher energies
so that nondipole signals of these transitions are more easily observed. However, most importantly a high momentum
transfer increases the nondipolar excitation signal strongly
owing to the large increase of its transition matrix element
with increasing q. Currently, there are only a small number
of synchrotron radiation facilities around the world with the
combination of high incident flux and a highly multiplexed
spectrometer where these measurements are feasible.
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The penetration length (e−1 ) for x rays of 10 keV is ∼5 μm,
which makes NIXS sensitive to the top ∼2.5 μm of the sample. This is much larger than the extent of any surface effects,
so this probe may truly be considered as a bulk probe. In
contrast, in soft x-ray absorption the sampling depth is ∼3 nm
(total-electron yield) or ∼5 nm (fluorescence yield) at the
O4,5 edge of UO2 . This high absorbance also leads to strong
saturation and self-absorption effects [1]. The bulk sensitivity
of hard x rays offers a considerable advantage over soft x
rays, and permits spectroscopy under extreme conditions, e.g.,
in high-pressure cells, as well as the study of samples, such
as actinides, that must be encapsulated for safety reasons.
Moreover, we will demonstrate here that the contribution of
any encapsulation can be mostly removed from the signal.
NIXS yields new spectroscopic features, which have been
previously described theoretically and successfully compared
with experiments [11,13–26]. Strong NIXS signals have been
observed at the O4,5 of UO2 , USe, and US [20], and similarly
at the N4,5 edges of rare-earth materials [21]. Several U
compounds have subsequently been investigated [19,25,27].
Recently, directional dichroism of the NIXS spectra was used
to probe the crystal-field interaction in a UO2 single crystal
[28]. While so far only Th and U compounds have been measured, calculations of the O4,5 NIXS spectra for all actinides
from Th 5 f 0 to Cf 5 f 9 have already been published [11].
Actinide-based oxides constitute the main part of longlived nuclear waste. A comprehensive knowledge of their
physical and chemical properties therefore remains a key topic
of condensed matter science. The nature and extent of the
highest oxidation state in solid-state actinide compounds are
still unexplored compared with those of small molecules [29].
NIXS measurements would be of particular interest here.
In this paper we report experimental results of spectra
beyond U, namely for Np and Pu oxides. Comparison to the
calculational results shows a good agreement for the 5d → 5 f
spectra and allows us to distinguish between various valence
states.
The dioxides, AnO2 (An = U, Np, Pu), crystallize in the
well-known CaF2 fluorite structure, with eight-coordinated An
and four-coordinated O. For divalent oxygen, the stoichiometry implies a formally 5 f 2 , 5 f 3 , and 5 f 4 configuration and a
5 triplet, a 8 quartet, and a 1 singlet crystal-field ground
state for U4+ , Np4+ , and Pu4+ , respectively [30–33].
Unquenched orbital degrees of freedom combined with
strong spin-orbit coupling and higher-order electromagnetic
multipole interactions are a source of complexity in actinide
oxides [34]. These interactions may drive exotic phase transitions with nondipolar (hidden) order parameters. A prominent
example is NpO2 , where a phase transition at 25 K stabilizes a noncollinear 3-k order of rank-5 magnetic multipoles
(triakontadipole), with electric quadrupoles as a secondary
order parameter [35,36]. UO2 , on the other hand, displays a
first-order phase transition at 30.8 K to a noncollinear dipolar
antiferromagnetic (AF) 3-k structure with a simultaneous
electric-quadrupole ordering of the charge density [37]. The
collective dynamics of the system is also strongly influenced
by multipolar interactions and can include fluctuations of
quadrupoles and higher-rank multipoles, alone or in combination with dipoles [38,39].

PuO2 is an insulator with a temperature-independent magnetic susceptibility [40] and a vanishing local magnetic moment [41]. This nonmagnetic behavior is reproduced by firstprinciples calculations yielding a nonmagnetic singlet ground
state characterized by a noninteger filling of the plutonium 5 f
shell (n f  4.5) [42].
The hexagonal form of plutonium sesquioxide β-Pu2 O3
crystallizes in the La2 O3 structure [43]. This compound orders
AF at 19 K, with magnetic and chemical unit cells becoming
identical below 4 K. The magnetic moment of 0.60(2) μB per
Pu ion is oriented along the c axis and is consistent with a
Kramers doublet |±3/2 ground state of the Pu3+ ion [43].
A few attempts to calculate the electronic structure of Pu2 O3
have been performed, suggesting a localized nature of the 5 f
electrons and a semiconducting electronic structure [44–47].
II. THEORETICAL
A. General theory

NIXS is a photon-in (h̄ωi ), photon-out (h̄ω f ) process, e.g.,
in the case of the O4,5 excitation given by the scattering process 5 f n + h̄ωi → 5d 9 5 f n+1 + h̄ω f . The double differential
cross section for NIXS is


dσ
d 2σ
=
S(q, ω),
(1)
d dω
d
where h̄ω = h̄ωi − h̄ω f is the energy loss and q = ki − k f
is the scattering vector with wave vectors ki and k f of the
incident and scattered radiation, respectively, and (dσ /d )
is the Thomson scattering cross section [11]. The dynamic
structure factor from initial state ψi to final state ψ f with
energies Ei and E f can be written as

S(q, ω) =
|ψ f |eiq·r |ψi |2 δ(Ei − E f + h̄ω).
(2)
f

The transition operator can be expanded as
eiq·r =

k
∞ 


ik (2k + 1) jk (qr)Cm(k)∗ (q̂)Cm(k) (r̂),

(3)

k=0 m=−k

√
where Cm(k) (q̂) = 4π /(2k + 1)Ym(k) (θq , φq ) are the renormalized spherical harmonics of rank k with components m and
θq , φq are the polar and azimuthal angles of q̂. The jk (qr) are
spherical Bessel functions of rank k. Substitution gives
S(q, ω) =

∞

f

I k (ω, θq , φq )|ψ f (r)| jk (qr)|ψi (r)|2 . (4)

k=0

Using that the radial expansion is linearly independent from
the direction, i.e., ψ (r) = R(r)ψ (θ , φ), and assuming that the
cross section does not vary much for changes of q/q ≈
1
Eedge /h̄ωi ≈ 0.0005 (see Fig. 1), S(q, ω) can be separated
2
into an angular and radial part. Then the angular part of the
2k -pole spectrum is
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I k (ω, θq , φq ) = (2k + 1)2

k
 
f

|ψ f (r̂)|Cm(k)∗ (q̂)

m=−k

× Cm(k) (r̂)|ψi (r̂)|2 δ(Ei − E f + h̄ω).

(5)
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compared to k = 1 for q > 8 Å−1 , which requires hard x rays
with large scattering angles.

→

〈

5

5

〉

B. Calculational method

FIG. 1. The q dependence of the radial cross section
|ψ5 f (r)| jk (qr)|ψ5d (r)|2 for the multipole channels k = 1, 3,
5 in the Pu4+ 5d → 5 f NIXS process. The curves for U and Np are
very similar.

Of course, there are also interference terms between the
different channels (k = k ), which the calculation takes into
account, but these disappear in the isotropic spectrum.
The matrix element in Eq. (5) restricts the multipole moments k in the transition between the orbital angular moments
i and  f by the triangle condition, |i −  f |  k  i +  f ,
and the parity rule, i +  f + k = even. Thus for the d →
f transitions, k = 1 (dipole), k = 3 (octupole), and k = 5
(triakontadipole) transitions are allowed. The weight of each
channel is determined by the square of the radial matrix
element ψ5 f (r)| jk (qr)|ψ5d (r), cf. Eq. (4). For increasing
multipole order k, the first largest peak of the spherical Bessel
function jk (qr) occurs at successively higher values of qr,
and decreases in absolute intensity. The range of qr that
contributes most is determined by the extent of the atomic
radial wave functions ψ5 f (r) and ψ5d (r). Figure 1 shows the
radial cross sections calculated for the Pu4+ O4,5 NIXS, using
Cowan’s code [48], which confirms that the maxima for the
three channels are at very different values of q. The cross
section for the dipole transition (k = 1) is suppressed with
increasing q, while those of the k = 3 and k = 5 become
enhanced at higher q values, respectively. As seen in Fig. 1
the intensities of the k = 3 and 5 transitions become larger

Spectral simulations were performed in intermediate coupling for the actinide compounds listed in Table I using
the full-multiplet code QUANTY [49]. The methodology for
calculating the actinide NIXS spectra, with electrostatic and
spin-orbit interactions treated on an equal footing, is discussed
in Ref. [11].
For the ground state [Rn]5 f n in spherical symmetry without crystal field the total momentum J is a good quantum
number due to the large 5 f spin-orbit interaction, while the
LS terms are strongly mixed. The atomic parameters, calculated using Cowan’s atomic multiplet code [48], are given in
Table II as their unscaled Hartree-Fock values. In the solid
state the Slater integrals for the electrostatic interactions
require a reduction factor g to account for intra-atomic relaxation effects [3,8]. For small spin-orbit interaction, LS
coupling gives the Hund’s rule ground state 3 H4 , 4 H9/2 , 5 I4 ,
and 6 H5/2 for n = 2, 3, 4, 5, respectively. Other LS states with
the same J value are mixed into the ground state by the finite
spin-orbit interaction [8,11]. Table I gives the LS composition
of the actinide ground states, which not only shows that the
mixing increases for reduced values of g, but also that the
mixing increases for higher f n counts. For instance, taking
g = 0.65, the U4+ 5 f 2 ground state contains 86.7% 3 H4 ,
which is diminished to 54.4% 6 H5/2 for the Pu3+ 5 f 5 ground
state.
Spectra were fitted in two distinct ways: In the first case
g was kept constant for all compounds, and in the second
case g was varied independently for each compound. The
calculated line spectra were convoluted by a Lorentzian line
shape of 0.6 eV FWHM and a Gaussian line shape of 1.3 eV
FWHM to account for lifetime and instrumental broadening,
respectively.
Given the moderate energy resolution of the presented
measurement it is unrealistic to extract information about
the crystal-field ground state or to vary each Slater integral
independently. However, higher energy resolution is already
available, paving the way for this [28,50].
III. EXPERIMENTAL

Pellets were prepared of NpO2 (23.8 mg), 242 PuO2
(2.3 mg), and β-242 PuO2 (2.2 mg) at the Joint Research

TABLE I. Actinide oxides and their electronic configuration. J value and LS term composition of the ground state for the indicated
reduction factors g of the 5 f -5 f Slater integrals.
Oxide

Configuration

g

J

LS term composition

UO2

U4+ 5 f 2

4
4

NpO2

Np4+ 5 f 3

PuO2

Pu4+ 5 f 4

Pu2 O3

Pu3+ 5 f 5

0.65
0.60
0.65
0.70
0.65
0.70
0.65

0.867 3 H + 0.123 1 G + 0.010 3 F
0.860 3 H + 0.129 1 G + 0.011 3 F
0.786 4 H + 0.190 2 H + 0.022 2 G + 0.0012 4 F
0.801 4 H + 0.179 2 H + 0.019 2 G + 0.0010 4 F
0.725 5 I + 0.226 3 H + 0.045 1 G + 0.005 3 F + 0.0001 5 D
0.750 5 I + 0.209 3 H + 0.038 1 G + 0.004 3 F + 0.0001 5 D
0.544 6 H + 0.307 4 G + 0.123 2 F + 0.024 2 D + 0.0025 4 P + 0.0000 4 S

9
2
9
2

4
4
5
2
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TABLE II. Average energy (Eav ) and calculated unscaled (i.e.,
100% Hartree-Fock) values of the Coulomb (F k ) and exchange
(Gk ) integrals and the spin-orbit parameters (ζ ) for the ψi (5 f n ) →
ψ f (5d 9 5 f n+1 ) transitions for the various ionic configurations. All
energies in eV.
92

Eav
ψi :
ζ(f )
F 2( f , f )
F 4( f , f )
F 6( f , f )
ψf :
ζ(f )
ζ (d )
F 2( f , f )
F 4( f , f )
F 6( f , f )
F 2 (d, f )
F 4 (d, f )
G1 (d, f )
G3 (d, f )
G5 (d, f )

U4+ f 2

99.5

93

Np4+ f 3

104.4

94

Pu4+ f 4

109.3

94

Pu3+ f 5

109.3

0.262
9.510
6.222
4.567

0.298
9.903
6.486
4.765

0.335
10.278
6.738
4.953

0.308
9.696
6.314
4.627

0.275
3.248
9.707
6.362
4.675
10.648
6.847
12.549
7.764
5.541

0.310
3.477
10.082
6.613
4.863
11.082
7.151
13.139
8.136
5.811

0.347
3.756
10.442
6.855
5.043
11.496
7.442
13.701
8.491
6.067

0.321
3.724
9.898
6.457
4.736
11.007
7.078
13.023
8.048
5.742

Centre, Karlsruhe. Since these samples emit α particles, they
are confined between double-wall containers formed by an
internal aluminium holder with a beryllium window protected
by a 10-micron-thick kapton foil. For UO2 a single crystal
was used with an external surface perpendicular to a [111]
direction, and was without a Be window.
The NIXS measurements were performed using the ID16
inverse-geometry, multiple-analyzer-crystal spectrometer at
the European Synchrotron Radiation Facility in Grenoble,
France [50,51]. The beam generated by three consecutive
undulators was monochromatized by a Si(111) double crystal,
and horizontally focused by a Rh-coated mirror. The beam
size at the sample position was 0.3 × 1.3 mm2 (horizontal ×
vertical). A set of nine spherically bent Si(660) analyzer crystals with 1 m bending radius, horizontal scattering geometry,
and vertical Rowland circles provided a bandwidth of 1.3 eV
at a final photon energy E f = 9.689 keV, and an intensity of
7 × 1013 photons s−1 for a 25 μrad vertical divergence of the
undulator radiation. The Bragg angle of the analyzers was
fixed at 88.5◦ , and the geometry chosen in order to measure
two different momentum-transfer values simultaneously (q at
9 and 12 Å−1 ) using a position-sensitive detector based on a
256 × 256 photon-counting pixel array.
Data were collected in symmetric reflection geometry by
scanning the incident photon energy h̄ωi = h̄ω f + h̄ω at fixed
final energy, covering the h̄ω energy-loss interval corresponding to the actinide O4,5 absorption edges. The obtained NIXS
spectrum for UO2 was consistent with previously published
isotropic spectra [19,20]. A photon energy-loss spectrum at
room temperature over an extended energy range including
the elastic and Compton peaks can be found elsewhere [20].
With the aid of the imaging capability of the spherically
bent crystal analyzers [52,53] we could efficiently separate
the photons scattered by the sample environment, i.e., the

FIG. 2. Semilog plot of the PuO2 spectrum at q = 9.1 Å−1
using the Si(660) crystal analyzer, before (purple) and after (red)
background subtraction. The inset shows a linear plot of the signals
registered on the position-sensitive detector. Sample and Be cover
are separated by ∼0.5 mm in their spatial positions. The Be signal is
roughly two orders of magnitude stronger than that from the sample.
Despite this image separation, the extremely strong signal from the
Be cover and its associated extended x-ray absorption fine structure
beyond the K edge suggest that the PuO2 signal cannot be fully
trusted to be completely clean for energy transfer beyond 112 eV.

beryllium encapsulation and air, and obtain the spectrum of
photons scattered by the Np and Pu samples only. This was
found crucial in order to avoid the encapsulating Be K edge
contribution (at 113.4 eV energy transfer) to the measured
spectra—otherwise the measured spectra would have been
completely swamped by the background signal from the encapsulation. Figure 2 shows the PuO2 spectrum, which was
measured at q = 9.1 Å−1 using the Si(660) crystal, before
and after background correction. The inset shows that the Be
contribution, with its first peak at 113.4 eV, is at a different
spatial position along the beam, and hence can be excluded by
using imaging capabilities of the technique arising from the
position of the signals on the multidetector.
Nevertheless, after Be correction there remained a small
bump at ∼114 eV (see Fig. 3), which may be caused by a
low amount of remnant of the tail of the Be signal. The region
above 112 eV was therefore not considered in the fitting of the
Pu compound data. Note that the UO2 data in Fig. 3 are clean
since this material requires no Be window. We emphasize that
the background correction is a matter of the geometry of the
encapsulation. A wider capsule with a larger distance between
sample and window will make it easier to remove the Be
signal, so this method can be perfected.
IV. RESULTS AND DISCUSSION
A. Experimental results

The O4,5 NIXS spectra measured at q = 9 and 12 Å−1 are
shown in Fig. 3 by black and gray dots, respectively. UO2
was only measured at q = 9 Å−1 as it has been extensively
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FIG. 3. NIXS 5d → 5 f spectra for UO2 , NpO2 , PuO2 , and
Pu2 O3 measured at q = 9 Å−1 (black dots) and 12 Å−1 (gray dots),
together with simulated spectra calculated at q = 9.5 Å−1 (red lines)
and 13 Å−1 (blue lines) for indicated g values. Corresponding dashed
lines are for g = 0.65, kept fixed for all compounds. The dimmed
region above 112 eV for Pu is where the background correction for
the Be foil was performed.

reported before [20] and figures here for comparison. Most
noticeable in the spectra is the shift in average energy for
the different actinides. As in XAS, the core-level binding
energy increases with the atomic number of the element. The
average energies Eav of the configurations used to calculate
the spectra are given in Table II. Due to the attractive interaction between 5d core hole and 5 f electrons, the Pu 5 f 5 →
5d 9 5 f 6 transition is found at slightly lower energy than the
Pu 5 f 4 → 5d 9 5 f 5 , as was also evidenced by 4 f core-level
photoemission [54].
The spectra are split into two structures denoted as peaks
A and B. Although tempting, it would not be correct to denote
these separate peak structures as O5 and O4 , respectively.
In contrast to deep core levels, these two structures do not
simply correspond to transitions from core levels with angular
momenta j = 5/2 and j = 3/2, respectively, but instead are
strongly mixed in j. The observed energy splitting in the
O4,5 spectrum is primarily due to multiplet splitting by the
5d-5 f electrostatic interaction [8,11,12]. As seen in Table II,
the exchange interaction G1 (5d, 5 f ) ≈ 13 eV exceeds the
spin-orbit interaction ζ (5d ) ≈ 3 eV that gives a splitting of
5
ζ (5d ).
2
The spectra for q = 12 Å−1 are found at a lower averaged energy compared to 9 Å−1 due to the increased k = 5
contribution, which allows transitions to lower energy states
(cf. Fig. 4). While the measured structure for q = 12 Å−1
is less pronounced, for q = 9 Å−1 the peak A displays a
remarkably varied peak shape across the compounds. In UO2
the leading shoulder at ∼95 eV arises mainly from k = 5
transitions, whereas the peaks at 97 and 104 eV arise from
both k = 3 and k = 5 transitions. For peak A the distinct
double structure of UO2 morphs into a single structure for

PHYSICAL REVIEW B 101, 075103 (2020)

FIG. 4. The calculated Ik spectra, i.e., the separate contributions
to the cross section given in Eq. (5), for the dipole (k = 1), octupole
(k = 3), and triakontadipole (k = 5) transitions of the Pu4+ 5d → 5 f
NIXS. The labels A and B mark the energy positions of the two peak
structures of the PuO2 spectrum in Fig. 3.

NpO2 and PuO2 and changes back into a twinned structure
for Pu2 O3 . Comparing the PuO2 and Pu2 O3 data, the rather
different multiplet structures of peak A qualify to determine
the bulk 5 f -electron count.
B. Calculated results

The calculated fits are shown in Fig. 3 by the drawn lines,
which give good overall agreement for peak A. However, the
peak B intensity in the Pu 5 f 4 and 5 f 5 calculations is much
lower than in the measured spectra, which reveal a bump at
∼114 eV. However, previous calculations [11] have decisively
shown that 5 f n configurations with n > 3 have a low-intensity
peak B. Staying within a realistic physical parameter choice,
it turns out to be impossible to increase the peak B intensity to the level as seen in the experimental spectra. One
could drastically increase the ratio of ζ (5d )/G1 (5d, 5 f ) but
that brings with it the undesired consequence of losing the
structure within peak A [11]. Moreover, it would violate the
long established picture of intermediate coupling for atomic
spectra [48]. A crystal-field interaction can mix the different J levels and according to the NIXS sum rule [23] this
would increase the relative intensity of peak B. However, the
5 f crystal-field interaction is too weak to explain the large
discrepancy between the calculated and measured intensities
of peak B. Whereas the Be K peak at 113.5 eV has been
mostly removed, a remnant amount of Be signal of ∼1% may
possibly give such a contribution. Therefore, for the two Pu
spectra, only peak A in Fig. 3 was included in the fit.
After initially performing the fits using the experimental
values of q = 9 and 12 Å−1 , the k = 5 spectral contribution,
which is prominent at the low-energy side of peak A, was
found to be too small for all compounds; i.e., the ratio (k =
5)/(k = 3) was too low. As this ratio is fixed by the value
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TABLE III. Calculated NIXS scattering cross sections (×103 ) of
the 5d → 5 f transitions for the multipole moments k at specific q
values (in Å−1 ); cf. Fig. 1.

k=1
k=3
k=5
(k = 5)/(k = 3)

q=9

q = 9.5

q = 12

q = 13

1.53
18.87
5.52
0.293

0.42
16.60
6.31
0.380

0.33
5.02
7.79
1.552

0.25
2.31
7.02
3.039

of q, we increased q in the calculation to 9.5 and 13 Å−1 ,
respectively, resulting in a much better agreement with experiment for all compounds. Actually, an increased q value
was already used in a previous calculation for UO2 [28]. A
change in q changes the relative intensities of the k = 5, 3, and
1 spectra, while each of these k spectra keeps the same shape.
Figure 4 shows the calculated individual spectra of PuO2 for
each k; for the other actinides they can be found elsewhere
[11]. To obtain the intensity of these spectra they have to be
multiplied by the scattering cross sections, which are shown
in Fig. 1 for the different multipole moments k. They are also
listed in Table III for the specific q values. The table shows
that changing q from 9 to 9.5 Å−1 increases the scattering
ratio for the (k = 5)/(k = 3) spectra by 30%, and changing
q from 12 to 13 Å−1 increases it by 96%. For larger q the
k = 1 contribution can be omitted.
Interestingly, this increase in the effective q corresponds
to a contraction of the radial 5 f wave function. Whereas the
core hole is accounted for at an atomic level, the strongest
effect that is missing is the interatomic hybridization in the
solid state that alters the wave function such that one has
to adjust both the electrostatic interactions and q. This adjustment appears to be larger for the Slater integrals (g =
0.6–0.7) than for q (5%–12% increase). Spin-orbit interaction
is not significantly affected because as a relativistic effect it
mostly originates from close to the core, whereas the change
is mainly occurring in the overlapping part of the wave
function.
Using a fixed value of the reduction factor g of the Slater
integrals for all compounds resulted in an optimal value of
g = 0.65. Such a value is in agreement with previous simulations for UO2 measured with a higher energy resolution [26].
Removing the constraint of having a single value of g for all
compounds resulted in values between 0.60 and 0.70, as listed
in Table I. Both of these fits are shown in Fig. 3 but are very
similar.

The spectral shape depends strongly on the momentum
transfer q, which controls the relative contributions of the
multipole transitions k = 3 and 5. In order to obtain good
agreement, the momentum transfer q in the calculation had to
be increased compared to the experiment, which corresponds
to a contraction of the atomic wave functions. Such a change
is expected when going from the calculated atomic wave
functions to the hybridized wave functions in the solid state.
Recent theoretical studies suggest a strong 5 f –O 2p orbital
mixing in actinide oxides [55,56]. Spectra for such an orbital
mixing can in principle be calculated by taking a coherent
state 5 f n + 5 f n+1 L, where L denotes a ligand hole state, as
done, e.g., for Pu 4 f photoemission spectroscopy (PES) [54].
However, in the case of PES there are strong satellites due
to the presence of the unscreened core hole in the final state,
which rearranges the 5 f energy levels after photoemission.
In XAS and NIXS the core hole potential is largely screened
by the extra 5 f electron and any satellite structure would
be fairly weak. Using the spectral profile of the current data
to evidence covalent mixing would be a challenging task.
However, future data of improved quality could expose the
presence of covalent mixing.
Despite the difficulty of working with transuranium samples at large user facilities, NIXS experiments have considerable promise to further our understanding of these important
materials. First, better experimental facilities now exist since
these experiments were performed [50]. Second, Be encapsulation can be avoided and kapton used, as long as the experiments are conducted only at room temperature. Third, the
sensitivity to the spatial extent of the wave functions suggests
that the oxides through to AmO2 should be examined, and at
the same time, an effort to measure samples of α-Pu and Am
metal should be made. This would give a much higher level of
understanding of the wave function issue, as it is known that
between α-Pu and Am there is an almost 40% change in the
atomic volume [8], which should be immediately evident in
the position, structure, and intensity of the spectra.
Our results demonstrate the feasibility to measure higher
multipole moment transitions of transuranium compounds.
The higher multipole moments allow us to fit a set of different
spectra, instead of a single spectrum for the dipole transition.
Multipole transitions are expected to become readily available
from future high-energy x-ray sources, which can lead to
new ways of doing spectroscopy [57,58]. As the photonmatter interaction is reasonably strong for shallow core levels,
NIXS requires only small sample volumes, compared to,
e.g., neutron scattering. This enables us to do NIXS on very
small volume samples, thin films, buried interfaces, and nanoobjects.
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