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The L3-edge x-ray absorption spectrum of Pa�V� fluoride in aqueous solution show clear evidence for the
double photoexcitation involving 2p and 4f electrons. A comparison with the �2p4f� double-electron excita-
tions observed in the L3-edge x-ray absorption spectra of other actinides �thorium, uranium, neptunium,
plutonium, and americium� indicates a monotonic increase in the excitation energy. The sharp edgelike struc-
ture of the multielectron excitation reveals the origin of a shake-up channel.
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I. INTRODUCTION

Sensitive measurements of the x-ray absorption cross sec-
tion reveal that above the absorption edge, often weak addi-
tional resonance peaks occur related to multielectron photo-
excitations. Early studies of these spectral features have been
performed on noble gases1–3 because their absorption spectra
are not affected by the photoelectron backscattering effect of
coordinated atoms, known as extended x-ray absorption fine
structure �EXAFS�. In many other cases it was possible to
suppress the single-electron backscattering fine structure by
vaporizing chemical elements to obtain monoatomic gases.4,5

On the other hand, multielectron resonances have been ex-
tracted also from absorption spectra in presence of neighbor-
ing atoms which generate a mixed signal between multielec-
tron excitation and EXAFS.6 Two types of multielectron
excitation have been identified: �i� sharp thresholdlike fea-
tures, superimposed onto the photoelectron backscattering
signal, could be indicated as shake-up transitions; and �ii�
shake-off transitions were recognized as a change in the
slope of the absorption signal.7 The �2p�2s�4f� excitation
energy for the early elements in the sixth period �Z�79� is
less than 100 eV above the corresponding L edges. Several
studies have been performed to reveal the �2p�2s�4f� energy
of the elements Z=79–83 �Refs. 8–10�. A detailed discus-
sion of these elements in different oxidation states was pro-
vided by Di Cicco and Filipponi,9 indicating the �2p4f� en-
ergy for Hg �135�5 eV�, Pb �180�10 eV�, and Bi
�200�10 eV�. Theoretical predictions of the �2p4f� and
�2s4f� double-electron excitation energies proposed for up to
radon �Z=86� shows a monotonic increase with the atomic
number Z.11 However, elements with Z�84 comprise only
radioactive isotopes and the measurements require therefore
specific radiation protection. A simultaneous excitation of 2p
and 4f electrons, visible in the L-edge spectra of actinides,
generates LN-edge double-electron excitations.12 The early
actinides Th, U, Np, Pu, and Am show a systematic shift in
the �2p4f� energies �L3N6,7 in absorption edge notation�.

However, the �2p4f� double-electron excitation energy of
protactinium has not been estimated up to now. The aim of
this paper is therefore to prepare a protactinium sample
which is appropriate to extract the double-electron feature
and to determine its excitation energy.

Protactinium is a rare element. It occurs with a Pa/U ratio
of 3.2�10−7 in undisturbed uranium ore as a product of the
radioactive decay of uranium.13 Natural weathering and
leaching of the uranium ore result in an intermediate enrich-
ment of Pa in sea water followed by hydrolysis and deposi-
tion in ocean sediment. The enrichment of Pa has been used
to determine the age of marine sediments.14,15 Natural ura-
nium consists of the primordial uranium isotopes 238U
�99.275%�, 235U �0.720%�, as well as 234U �0.005%�, the
decay product of 238U. The isotope 234Pa is a decay product
of 238U according to the decay reaction

92
238U→�

90
234Th →�−

91
234mPa →�−

92
234U. �1�

This protactinium isotope occurs in two nuclear isomeric
forms: the ground state 234Pa and the metastable, but long-
lived, excited state 234mPa. Protactinium was first identified
in 1913 as 234mPa by Fajans and Göhring,16 and 234Pa was
discovered in 1921 by Hahn.17 Only 0.13% of metastable
234mPa decays in the ground state, generating 234Pa before
both decaying to 234U. Because its half-life is only 1.17 min,
the use of 234mPa it is not appropriate for the present long-
term experiments. Among the known protactinium isotopes,
231Pa is the most stable one with a half-life of
3.276�104 yr. This isotope is formed by the alpha decay of
235U followed by the beta decay of 231Th:

92
235U→�

90
231Th →�−

91
231Pa →�

89
227Ac. �2�

231Pa was first discovered in 1918 by Hahn and Meitner18

and simultaneously by Soddy and Cranston.19 The primary
decay mode of 231Pa and lighter isotopes is a decay to ac-
tinium isotopes, whereas the heavier Pa isotopes undergo a
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�− decay to uranium isotopes. Protactinium is related to an
extraordinary chemistry due to its position at the beginning
of the actinide series, whose chemical properties depend on
the delocalized 5f and 6d electron configuration. The partici-
pation of 5f orbitals of Pa�V� to the bonding with fluorine
has been found necessary to explain the structure of
Na3PaF8, wherein the Pa atom lies in the center of an almost
perfect cube.20 In aqueous solution, the two oxidation states
Pa�IV� and Pa�V� have been established. Pa�V� is stable un-
der oxic conditions in solutions. The instability of Pa�IV�
toward reoxidation complicates the conservation of the pure
oxidation state. The existence of lower oxidation states has
been deduced from cocrystallization of protactinium at tracer
scale with a bivalent lanthanide in chloride melts;21 whereas
in the solid state, the thermal decomposition of PaI5 could
lead to the formation of PaIIII3.22 Pa�IV� can be identified by
Laporte allowed 5f1→6d1 transitions, leading to the obser-
vation of three absorption bands ��230, �260, and
�280 nm�, whose positions and widths vary slightly with
the medium. On the other hand, Pa�V� spectra exhibit a
strong absorption in the UV range ��210 nm� that has been
related to either an electron transfer from the ligand to the
metal or to the occurrence of an oxo bond. However, effects
from the solvent medium should be considered.23–25 The co-
ordination chemistry of Pa�IV� is similar to the next higher
actinides, whereas Pa�V� shows a unique coordination be-
havior. The next higher actinides, U, Np, Pu, and Am, gen-
erate in the oxidation state V actinyl ions with two strongly
covalent oxo groups, AnO2

+, having the character of a triple
bond.26 In contrast, Pa�V� has either only one mono-oxo
bond or no oxo bond, depending on the coordinating
ligands.27 The formation of the mono-oxo protactinyl cation
PaO3+ is preferred over that of PaO2

+ because the 6d orbitals
of Pa�V� destabilize the � orbitals of PaO2

+ due to conflicting
6d-2p antibonding orbitals.28

II. EXPERIMENTAL DETAILS

A. Sample preparation

For this experiment, the protactinium isotope 231Pa from
the IPN Orsay stock has been used. The decay products
223Ra, 227Ac, and 227Th were removed from the solution by
anion exchange using AG-MP1 resin �Bio-Rad� according to
the procedure described in Ref. 27. 20 mg 231Pa was dis-
solved in 10M HCl and percolated onto the anion exchange
column. Under these conditions, Pa was retained on the
resin; whereas Ra, Ac, and Th passed through. In the next
step, Pa was eluted from the column with 0.1M HF/8M HCl.
The eluted Pa fraction was evaporated to dryness, and the
residue was taken up in concentrated HCl. This procedure
was repeated six times; and finally, the residue was taken up
in 0.05M HF. The quantitative 231Pa amount was determined
by gamma spectroscopy. The spectrum showed the charac-
teristic emission lines of 231Pa at 283.67, 300.08, 302.07, and
330.07 keV and only a negligible contribution from 227Th
and 223Ra impurities. The sample for the EXAFS measure-
ment consisted of 1.0�10−3 Pa�V� in aqueous solution with
5�10−2 HF. The UV-visible measurement �Shimadzu 3101�
showed the typical spectrum of Pa�V� in this medium: a high

absorption at low wavelengths, followed by a monotonous
decrease in the absorbance with increasing wavelength.

B. X-ray absorption spectroscopy data acquisition
and treatment

X-ray absorption measurements were performed at room
temperature on the solution in a 200 �L cell specifically
designed for radioactive samples. The measurements were
carried out at the Rossendorf Beamline29 �ROBL� at ESRF
�6.0 GeV, 200 mA� in transmission mode with a water-
cooled double-crystal Si�111� monochromator. The Rossen-
dorf Beamline is constructed according to the requirements
of handling radioactive materials, including a glove box to
protect the experimentalists against radionuclide release. The
sample was encapsulated in double confinement. A constant
intensity of the primary beam, I0, was achieved by detuning
the second crystal using a piezosystem with a feedback loop
referring to 70% of the incoming beam intensity I0. The in-
tensity was taken constant over the whole spectrum in the
range of �0.04% of I0. Multiple diffraction peaks from the
monochromator �glitches� were rejected by this system. Two
Pt coated mirrors were used in total reflection mode. The first
mirror collimated the x-ray beam onto the first monochro-
mator crystal; the second mirror focused the beam vertically
to the sample. Higher harmonics in the monochromatic beam
were rejected by this mirror arrangement. The energy was
calibrated according to the K edge of an yttrium metal foil by
using the first inflection point of the absorption edge at
17 038.0 eV. The XAFS data were extracted from the raw
data by subtracting a polynomial function, which was fitted
to the pre-edge region. Subsequently, the atomic background
above the absorption edge, �0�E�, was approximated by a
spline function. The fine structure 	�E� was obtained from
the raw data ��E� by using 	�E�= ���E�−�0�E�� / ��0�E��,
converted to 	�k� and weighted with k3. Data extraction and
EXAFS fits were performed using the WINXAS30 and
EXAFSPAK31 software. The EXAFS data were fitted using the-
oretical phase and amplitude functions calculated with the
FEFF 8.2 code32 from K2PaF7. The fine structure of the mul-
tielectron transition was separated from the signal by sub-
tracting the data of EXAFS shell fit from the experimental
data 	�E�.

III. RESULTS AND DISCUSSION

A. Extended x-ray absorption fine structure background
signal

The extraction of multielectron effects requires an absorp-
tion spectrum which is in an ideal case free from backscatter-
ing effects of neighboring atoms as in monoatomic gases.
Vaporization, as can be applied for some lighter elements, is
complicated for very heavy elements especially due to the
low vapor pressure and difficulties due to radioprotection
conditions. An alternative is the use of protactinium in aque-
ous solution. In there it is coordinated by light ligands, re-
sulting in only comparable weak backscattering signal from
neighboring atoms. On the other hand, aqueous protactinium
shows a complicated solution chemistry because it undergoes
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easy hydrolysis and polymerization reactions followed by
precipitation.33 This occurs also in HClO4 and HNO3 solu-
tions; therefore, the Pa�V� sample could not be prepared in
the same way as the actinides used for the first study of
multielectron excitations.12 The formation of Pa�V� polymers
can be suppressed in HF and concentrated H2SO4
solutions.13,34

Recently, the analysis of x-ray absorption near-edge struc-
ture and EXAFS spectra of a Pa sample in concentrated sul-
furic acid has given evidence of the formation of a mono-oxo
ion PaO3+ coordinated by five sulfate groups.27 At high sul-
fate concentration and a Pa�V� concentration at tracer scale
�cPa
10−10M�, the oxo bond disappears.34 The EXAFS
spectrum for Pa�V� sulfate27 contains a complex fine struc-
ture and is therefore not well appropriated to extract multi-
electron excitation features. It has been shown that these fea-
tures can be more easily extracted in the absence of the
short-bonded oxo groups because they generate a strong
scattering contribution extended in the k range far above the
occurrence of the multielectron excitation.12 We used there-
fore for this study protactinium in its stable oxidation state
Pa�V� in aqueous HF solution due to the absence of coordi-
nating oxo groups.

Figure 1 shows the Pa L3-absorption edge of the sample.
The absorption edge has an edge jump ln�I0 / IT� of �0.062.
Above the edge occurs an intense resonance feature origi-
nated from the electron transition of 2p3/2 core level to
6d-like molecule orbitals. It has been shown that the �2p4f�
double-electron resonance intensity corresponds to the reso-
nance intensity of the 2p state; i.e., the stronger the 2p reso-
nance is, the more pronounced the �2p4f� resonance is.12,35

The arrow in Fig. 1 indicates the expected occurrence of the
�2p4f� feature with energy Ef. For elements with a low dif-
ference between the 2p and the 4f energies, there appears a
strong superposition of the relative high scattering amplitude
of 	�k� and the �2p4f� feature. In such cases, for example,

Au �2p4f� with double-electron excitation energy of 110 eV,8

it was useful to perform a data analysis based on a k weight-
ing of the experimental data. The reported excitation energies
of the early actinides are much higher, ranging from 374 eV
�Th4+� to 478 eV �Am3+�.12 The intensity of the Th �2p4p�
multielectron excitation in relationship to the Th L3 edge has
been determined to �10−3.12 The amplitude of 	�k� at this
energy �k�10 Å−1� is already significantly damped; there-
fore, data weighting with k3 occurs to be reasonable for vi-
sualizing the concerned spectral feature.

The F− ions form a rather spherical coordination sphere
around protactinium, which leads to a sinelike EXAFS oscil-
lation supporting the differentiation of the �2p4f� double-
electron excitation from the 2p3/2 single-electron excitation
channel. The Pa�V� fluoride coordination has been identified
as PaF7

2− ion previously.27 The data quality of this study has
been improved here by using the transmission mode to col-
lect the x-ray absorption spectrum.

Figure 2 shows the k3-weighted EXAFS spectrum of Pa5+

fluoride together with the spectra of both the neighboring
elements thorium and uranium, taken from Ref. 12. The
�2p4f� double-electron excitations are indicated by arrows. A
systematic shift of the k value already indicates qualitatively
a monotonic increase in the �2p4f� excitation energy. The
spectra of thorium and uranium are observed from Th4+ and
U4+ hydrates. Their 	�k� is different from that of Pa5+ fluo-
ride due to differences in the coordination and interatomic
distances to the ligands. To indicate the differences, the
structural parameters reported for Th4+ and U4+ hydrates are
given together with that of Pa5+ fluoride in Table I. The hy-
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FIG. 1. Pa L3-absorption edge corrected for the atomic back-
ground in the pre-edge region. The arrows indicate the expected
energy Ef of the �2p4f� double-electron excitation.
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FIG. 2. Experimental k3-weighted extended x-ray absorption
fine structure at the L3 edges of Th4+, Pa5+, and U4+ solutions. The
arrows indicate the maxima of the �2p4f� double-electron excita-
tions. The energy of the feature in the spectrum of Pa5+ is given as
Ef in Table II. The spectra of Th4+ and U4+ are taken from Ref. 12.
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drates show Th-O and U-O distances of 2.44 and 2.41 Å,
respectively,12 whereas a typical Pa-F distance reported for a
PaF7

2− species is 2.16 Å in 0.5M HF �Ref. 27� and 2.13 Å
in 0.05M HF.36 The sample from Ref. 36 has been used for
the study presented here. The only difference with the previ-
ous study is that the present measurement was performed in
transmission mode with a stabilized beam intensity. The iso-
lated k3-weighted EXAFS data of Pa�V� fluoride and their
corresponding Fourier transform �FT� is shown in Fig. 3; the
fit result is given in Table I. The FT represents a pseudoradial
distribution function, where peaks are shifted to lower values
of R+� relative to the true near-neighbor distances R. This �
shift of −0.2 to −0.5 Å depends on the scattering behavior of
the electron wave in the atomic potentials and was treated as
a variable during the shell fits. The FT is dominated by the
backscattering signal from one scattering peak. The attempt
to fit this backscattering contribution exclusively with seven
F− ions was not successful here and led to a small remaining
oscillation in the residual. To obtain good agreement between
the experimental EXAFS data and the shell fit, it was neces-
sary to include a second contribution of light scattering at-
oms such as fluorine or oxygen. Due to their similar scatter-
ing amplitude, oxygen and fluorine cannot be differentiated
here. To obtain a reasonable fit result, the Debye–Waller fac-

tors �2 were linked to be at the same magnitude for both
shells. The coordination shell splits into �6.3 F− ions in a
Pa-F distance of 2.12 Å and 1.6 fluoride or oxygen ions in a
distance of 2.48 Å. The difference between the two dis-
tances is larger than the resolution of 0.13 Å �according to
�R=� /2�k� and can be therefore considered as significant.
However, the observation of this longer Pa-F/O distance in-
dicates a small deviation from the spherical coordination ge-
ometry. Hydration, hydrolysis, dimerization, or condensation
reactions may compete with the fluoride coordination. Hy-
drolysis can be excluded because coordinated OH groups
would be typically related to a shorter actinide-oxygen dis-
tance than that observed here. The condensation reaction of
hydroxyl-containing Pa species would generate a linear Pa-
O-Pa chain. Comparing with that in other actinides, the Pa-O
distance in this linear arrangement should be on the order of
2.2 Å, which is far below the observed distance. The forma-
tion of a dimer with two bridging fluoroligands occurs to be
possible with regard of the bond lengths in the first coordi-
nation shell. Such dimers are typical for actinides and have
for example recently observed in aqueous Th�IV� solutions.37

The crystal structure of K2PaF7 can act as reference for a
dimer, where Pa is bridged by two fluoride atoms in Pa-F
distances of 2.31 and 2.47 Å.38 On the other hand, a dimer is
related to a Pa-Pa scattering contribution, which can be ex-
pected in a distance of 3.9–4.1 Å. This peak should be de-
tectable, although above k�10 Å−1 a relatively strong noise
level already occurs due to the limited Pa concentration.
Analog peaks indicating U�VI� hydrate dimers and trimers in
aqueous solution have been obtained under similar experi-
mental conditions.39 Due to the absence of a Pa-Pa scattering
peak, a dimer can be ruled out here. Before Pa�V� reach the
complete fluoride coordination, the presence of water mol-
ecules in the first coordination sphere becomes more prob-
able due to dynamical exchange with the water solvent. Hy-
dration by a single H2O molecule is typically related to a
actinide-oxygen distance of �2.50 Å. The observed Pa-O
distance of 2.48 Å is therefore most likely related to the
presence of one or two water molecules in dynamic equilib-
rium.

B. Experimental evidence for [2p4f] double-electron excitation

The structural contribution has been subtracted from the
entire data set to extract the multielectron effect. The differ-
ence between the experimental data and the curve fit results
in the residual is shown in Fig. 3. This residual represents the
experimental noise with increasing amplitude as well as
small deviations between the curve fit and the true EXAFS
backscattering signal and discontinuities in the atomic back-
ground. The strong feature with a peak maximum at k
�10.2 Å−1 results from the �2p4f� double-electron excita-
tion. The energy of the resonance, Ef, is related to the pho-
toelectron wave vector k according to

k ��2m


2 �Ef − E0� , �3�

where m is the electron mass and E0 is the ionization energy.
The estimation of E0 has some uncertainties due to the su-

TABLE I. EXAFS structural parameters for protactinium in
aqueous HF solution and the aquoions of the two neighboring ele-
ments. Nij is the coordination number, and �2 is the Debye–Waller
factor. The errors in coordination numbers N are �15%; S0

2=0.9.

Ion Shell R �Å� Nij �2 �10−2 Å2� Ref.

Th4+ Th-O 2.44�0.02 9.8 0.68 1

U4+ U-O 2.41�0.02 8.7 0.70 12

Pa5+ Pa-Fa 2.16�0.02 7.0 0.50 26

Pa5+ Pa-Fb 2.13�0.01 7.0 0.32 36

Pa5+ Pa-F 2.12�0.02 6.3 0.44c This work

Pa-F/O 2.48�0.02 1.6 0.44c

aAqueous solution with 0.5M HF
bAqueous solution with 0.05M HF.
cThese Debye–Waller factors were free but linked together during
the fit procedure.
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FIG. 3. Pa L3-edge k3-weighted EXAFS data �left� and the cor-
responding Fourier transforms �right� of Pa�V� fluoride.
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perposition of the electron transitions from 2p3/2 core level to
6d-like molecule orbitals. Among the previously discussed
procedures to determine E0 experimentally,12 the use of the
first maximum of the derivative of the raising L3-absorption
edge, E1st, is the most common one. The energy of E1st,
extracted from the Pa L3 edge, is 16 737.7 eV �Table II�.
The determination of ES from the difference between Ef and
E0 requires a further correction considering that Ef represents
the electron transition into localized final states above the
ionization energy. We assume that the energy difference be-
tween the ionization energy and the final states of the �2p4f�
excitation is similar to that of the 2p3/2 electron. The energy
difference can be therefore approximated from the difference
between the final states represented by the white line energy
EWL and the ionization energy E0, represented by E1st. The
value of �EWL-1st, extracted from the 4f5/2 edge of Pa�V�, is
4.1 eV. The �2p4f� multielectron excitation energy ES can be
approximated according to

ES = Ef − E1st − �EWL-1st. �4�

The resulting value of ES is 396.1�10 eV. The �2p4f� en-
ergy ES can be compared with the 4f5/2 and 4f7/2 energies
within the frame of the Z+1 approximation by using the
tabulated binding energies from Porter and Friedman.40 The
resulting values are 389 and 379 eV for the 4f5/2 and 4f7/2
energy levels, respectively. The experimental value ES is sig-
nificantly above the average of the theoretical values. This
appears to be reasonable because there is an expected energy
difference between the free atom Pa�0�, used in the theoret-
ical estimation and Pa�V�, used in the experiment. An energy
shift of �1−2 eV for each additional valence electron has
been observed in experiments at the L3 edge of several
actinides.41 Furthermore, the splitting between the 4f5/2 and
the 4f7/2 states has not been observed in the experiment. The
natural line width �i of the 2p3/2 level of Pa is 7.3 eV.42

Considering an additional broadening due to the double core
hole and the experimental function, it is clear that the j en-
ergy splitting of the 4f5/2 and 4f7/2 electrons with �10 eV is
too small to be resolved. Figure 4 shows a comparison of the
experimental observed values ES of the early actinides and
the 4f5/2 and 4f7/2 energies according to the Z+1 model. This
figure indicates a monotonic increase in ES. The sharp edge-
like structure of the multielectron excitation is an indicator
for a shake-up channel. Whether there also exists a shake-off
channel cannot be clarified from the experiment because the
EXAFS scattering contribution is still too strong and circum-
vents a more sensitive extraction of the atomic background.
In a sample of vaporized Hg with a strongly reduced EXAFS
amplitude, it was possible to identify both shake-up and
shake-off channels for the �2p4f� double-electron excitation
at the L edges.11 The �2p4f� double-electron resonance of the
actinides is sharper than for elements with Z values of 79–
83. This might be related to the stronger localization of the
4f electron level in the case of actinides. A peak broadening
as function of increasing Z number, as observed for the
�2p4d� double-electron excitation of the lanthanides,43 could
not be observed for the actinides.
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