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Using synchrotron radiation and high-resolution electron spectroscopy, we have directly observed and
identified specific photoelectrons from K −2 V states in neon corresponding to simultaneous 1s ionization
and 1s → valence excitation. The natural lifetime broadening of the K −2 V states and the relative intensities
of different types of shakeup channels have been determined experimentally and compared to ab initio
calculations. Moreover, the high-energy Auger spectrum resulting from the decay of Ne2þ K −2 and
Neþ K −2 V states as well as from participator Auger decay from Neþ K −1 L−1 V states, has been measured
and assigned in detail utilizing the characteristic differences in lifetime broadenings of these core hole
states. Furthermore, post collision interaction broadening of Auger peaks is clearly observed only in the
hypersatellite spectrum from K −2 states, due to the energy sharing between the two 1s photoelectrons
which favors the emission of one slow and one fast electron.
DOI: 10.1103/PhysRevLett.117.133001

Recently, the study of double-core-hole (DCH) states in
atoms and molecules has received great attention [1–12].
The scientific interest is mainly raised by the fact that when
two core holes are created on distinct atoms in a molecule,
the chemical shift is not only sensitive to the chemical
environment, but also to the bond length. Although this
was predicted already 30 years ago by Cederbaum et al. [1],
the experimental evidence [6] required much effort and
state-of-the-art experimental setups. Experimental breakthroughs in the study of DCH states were achieved by
electron coincidence measurements to identify the formation of single-photon double K-shell hole states using
synchrotron radiation [2–9] and by electron time-of-flight
spectroscopy using two-photon absorption on the very
intense x-ray free-electron lasers sources [10–12].
Moreover, we have recently shown that high-resolution
photoelectron spectroscopy can also be successfully used
to study closely related states in argon [13] where a 1s
electron is ionized while a L-shell electron is excited
simultaneously (or vice versa).
Here, we demonstrate that, under such state-of-the-art
experimental conditions, we can assign in unprecedented
detail the K −2 V photoelectron spectrum in neon, where one
1s electron is ejected to the continuum, while the other 1s
electron is promoted to a valence V orbital. Thanks to
the high energy resolution, the complex and overlapping
0031-9007=16=117(13)=133001(5)

hypersatellite Auger spectrum which results from the decay
of different states, such as Ne2þ K −2 , Neþ K −2 V, as well as
from Neþ K −1 L−1 V, has been completely disentangled due
to different lifetime broadenings for single and doublecore-hole states and different post collision interaction
(PCI) effects for K −2 and K −2 V states. In particular, we
identified hypersatellite Auger lines, i.e., fast Auger electrons stemming from the decay of double-core-hole states,
which typically exhibit kinetic energies higher than those
of the “normal” diagram lines. Letter of double-K-shellhole states in neon demonstrates how to access two
fundamental aspects of electron interactions, namely, how
the lifetime of DCH states compares to single-core-hole
(SCH) states, and reveals the effect of the asymmetric
excess energy sharing between the two 1s photoelectrons.
The measurements were performed at the GALAXIES
beam line of the French national synchrotron radiation
facility SOLEIL [14]. The hard x-ray photoelectron spectroscopy end station used is described in detail in Ref. [15].
We have measured photoelectron and Auger electron
spectra with the analyzer lens system set parallel to the
polarization vector of the linearly polarized photon beam.
The total experimental resolution of 250  10 meV is
governed by contributions from the spectrometer (180 meV
for 450 eV photoelectrons), the photon bandwidth
(220 meV), the electronic Doppler broadening (60 meV
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FIG. 1. (a) K −2 V photoelectron spectrum measured at 2.3 keV.
The intensity of the spectrum is plotted as a function of binding
energy. The red dots are the experimental points and the solid
blue line is the result of the fit. The photoelectron peaks are
identified and two different Rydberg series are observed, corresponding to direct (1s−2 ns1 ) and conjugate (1s−2 np1 ) contributions (see text). (b) Calculated photoelectron spectrum—taking
into account the angular distribution (see text)—and the individual direct (red bars) and conjugate (green bars) contributions.

at room temperature for 450 eV photoelectrons [16]), as
well as the broadening due to recoil of the ion [17].
The K −2 V experimental and theoretical photoelectron
spectra are shown in Fig. 1. The fit was performed using the
SPANCF curve fitting macro package, as presented in [18,19]
by Voigt functions, keeping the Gaussian width fixed to the
previously determined value and optimizing the Lorentzian
width [Fig. 1(a)]. The photoelectron peaks were assigned
using the core-equivalent approximation (Z þ 2, where
Z ¼ 10 for neon), i.e., by estimating the binding energies
and the energy difference between the corresponding states
of Mg II [20]. Thus, six electronic states are identified
in Fig. 1: 1s−2 3s1 at 1849.7 eV, 1s−2 3p1 at 1853.2 eV,
1s−2 4s1 at 1857.7 eV, 1s−2 4p1 at 1858.9 eV, 1s−2 5s1 at
1860.6 eV, and 1s−2 5p1 at 1861.6 eV. In Fig. 1(b), the
differential cross sections were derived from a theoretical
model based on a configuration interaction description and
developed recently for the interpretation of K −2 V spectra
obtained for several molecules, see Refs. [8,9,21].
According to the terminology, first introduced by Martin
and Shirley [22] to describe ordinary valence K −1 v−1 V
satellite lines, K −2 ns and K −2 np states described as core
shakeup states correspond, respectively, to direct and
conjugate processes. In direct processes, the dipolar ionization of a Neð1sÞ electron is accompanied by the
monopolar excitation (1s → ns) of the second Neð1sÞ
electron. In conjugate processes, the monopolar ionization
is accompanied by a dipolar excitation (1s → np). This
issue is closely related to Heþ ð2s; 2pÞ formation in the
simultaneous ionization-excitation process [23]. The model
is designed to take into account photoelectron angular
distributions (see Supplemental Material [24] for details).
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Together with the detailed assignment of the photoelectron spectrum, another important parameter which can
provide a deeper insight into the DCH formation process
is the lifetime broadening of the spectral features. Several
theoretical articles have predicted the lifetime broadening
of the K −2 DCH states in neon to be more than twice
as large as the K −1 SCH states, although the physical
interpretation was not clearly stated. Bhalla et al. found a
lifetime broadening of 707 meV [31], while the K −1
lifetime broadening is 242 meV [32]. Here, lifetime broadening of Neþ K −2 V states in neon has been determined from
the photoelectron spectrum [Fig. 1(a)]. This lifetime does
not exactly correspond to the lifetime of Ne2þ K −2 (DCH)
states, because of the presence of a ns or np electron,
but it should converge towards the same value for high n. In
the present case, we could fit all the states in Fig. 1 using
the same lifetime of 701  11 meV, which is approximately 2.9 (0.1) times the SCH width. From a simple
assumption, one could expect the lifetime broadening for
DCH states to be twice as large as for SCH states. The
observed difference can be qualitatively understood if one
considers contraction of the n ¼ 2 orbitals, involved in the
Auger decay. According to Slater’s model [33], the radius
of the orbitals can be described as n2 a0 =Zeff with a0 being
the Bohr radius and Zeff the effective charge seen by
electrons. Since Zeff ðDCHÞ ≅ Zeff ðSCHÞ þ 1 the n ¼ 2
orbitals shrink more for DCH states; i.e., the overlap with
the final state and the Auger rate per 1s hole increase. For
atoms with large Z, and consequently large Zeff , this effect
is expected to become smaller so that the above mentioned
simple assumption is expected to become valid, in agreement with calculations for heavy atoms [34]. A recently
reported slightly smaller value of 2.8 (0.2) for Ar 2p−2
double-core-hole states (Z ¼ 19) is well in line with this
model [35].
In the following, we show the importance of the lifetime
broadening determination in what concerns a detailed
assignment of the Auger spectra resulting from the decay
of DCH states.
In Fig. 2, we show the hypersatellite spectrum measured
at 2.3 keV photon energy, with an instrumental resolution
much narrower than the K −2 V states lifetime broadening.
Different peaks with various widths are clearly resolved.
On the ground of our discussion on lifetimes, the broad
peaks can be attributed to the hypersatellites of double-Khole intermediate states. There are three types of peaks
corresponding to the Auger decay of double-K-hole states:
the blue peaks correspond to the hypersatellites of K −2
electronic states, the black ones are the hypersatellites of
K −2 V states, and the red peaks correspond to the Auger
decay of K −2 L−1 and K −2 L−1 V states, which cannot be
experimentally disentangled. Another series of peaks
appear, namely, the green narrow ones, with a distinctively
different linewidth which is, in fact, close to the one of the
K −1 Auger lines. They are due to participator Auger decay

133001-2

PRL 117, 133001 (2016)

PHYSICAL REVIEW LETTERS

FIG. 2. Hypersatellite Auger spectrum of neon measured at
2.3 keV photon energy. The dots are the experimental data, the
black line is the result of our fit, the dashed line represents the
KLL Auger Lorentzian tail. Four different contributions can be
observed and the different-colored peaks in the bottom of the
figure are the results of our fit: the blue peaks are hypersatellites
of K −2 states, the black peaks are the hypersatellites of K −2 V
states, the red peaks are the hypersatellites of K −2 L−1 V and
K −2 L−1 states, and the green peaks are the participator Auger of
K −1 L−1 V states.

of K −1 L−1 V states [36]. The hypersatellite Auger spectrum
of neon was previously measured by Southworth et al. [37]
in the same kinetic energy range as shown in Fig. 2.
Because of improved experimental resolution in the present
Letter, we can disentangle different types of Auger
transitions. A detailed assignment of all the peaks observed
in our measurement (Fig. 2) will be discussed in a
forthcoming publication [38]. Here, we focus on the
863–890 eV kinetic energy range of the spectrum shown
in Fig. 3.
In this region, four peaks are observed. The peak at
866 eV is assigned to the hypersatellite of a K −2 intermediate state corresponding to the 1s1 2s2 2p4 2 S electronic
final state. The stronger peak at 870 eV is assigned to
the hypersatellite of a K −2 state corresponding to the
1s1 2s2 2p4 2 D final state. The two smaller peaks around
880.5 and 881.5 eV are the hypersatellites of K −2 V states:
1s−2 3p1 and 1s−2 3s1 , respectively.
Remarkably, for Auger emission following ionization
well above threshold, in Fig. 3, one can observe a strongly
distorted shape of the peaks corresponding to the hypersatellites of the K −2 states which can only be explained by a
PCI effect between the photoelectrons, the Auger hypersatellite electrons and the doubly charged ion. Although
PCI effects have already been observed on the photoelectrons of double-hole states (core-valence) using coincidence measurements (see Ref. [39]), those have never been
observed on Auger hypersatellite electrons. This has only
become possible thanks to high-resolution measurements.
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FIG. 3. 863–890 eV kinetic energy region of the hypersatellite
Auger spectrum taken at hν ¼ 2.3 keV. The red dots are the
experimental data, the blue line is our fit and the solid black lines
correspond to the functions used to fit the K −2 V peaks at 880.5
and 881.5 eV. The inset is an enlarged view of the region of the
hypersatellites of K −2 V states.

It is known that, in the case of DCH created by singlephoton excitation, the energy sharing between the two
photoelectrons can reflect a characteristic U shape [3];
i.e., the most probable way of energy sharing can result in
one slow and one fast electron. In such a case, the slow
photoelectron can screen the doubly charged core ion and
accelerate the fast Auger electron, which causes a characteristic asymmetric line shape. To fit the line shapes of K −2
states distorted by PCI effect, we used Pearson IV functions
[40], while the hypersatellites of K −2 V lines were fitted
with Voigt functions. The Voigt functions correspond to the
convolution of a Lorentzian that represents the electronic
transition between the intermediate electronic state (1s−2 nl)
and the final one (1s1 2l−2 nl), and a Gaussian taking into
account the total instrumental resolution. The use of
symmetrical Voigt functions for the fitting of the hypersatellites of K −2 V states is justified by the fact that the
photon energy of 2.3 keV leads to the emission of a
photoelectron with high kinetic energy (450 eV) so that its
interaction with the Auger electron (of ≈870 eV of kinetic
energy) and the singly charged ion can be neglected, which
excludes the PCI effect.
The FWHM of the Lorentzian for double-K-hole states
was found to be 910  12 meV, this broadening being due
to the lifetimes of both the initial K −2 state and the final
one. Theoretical values taken from reference [31] give a
lifetime broadening of 902.5 meV, which shows an almost
perfect agreement with the lifetime broadening measured in
our experiment. In Fig. 3, the thin blue line is the result of
our fit and the solid black lines represent the contributions
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of the hypersatellites of 1s−2 3p1 (conjugate contribution)
and 1s−2 3s1 (direct contribution) electronic states. In the
subset panel of Fig. 3, we show an enlarged view of the
K −2 V hypersatellite region, where our fitting results show
that the conjugate and direct contributions are of comparable intensities (considering the low count rates for both
contributions, the ratio is determined with a significant
uncertainty, but this remains sufficient to analyze the
spectra).
As mentioned earlier, we cannot measure the K −2 V
photoelectron angular distribution directly, due to the fixed
geometry of our setup, but we can use the Auger intensities
to infer information on these distributions. It is usually
assumed that Auger electrons emitted after ionization of
the s shell induced by a polarized radiation have isotropic
angular distribution [41,42]. Hence, independently of the
detection angle of the analyzer, the relative intensities of
the Auger contributions correspond to their relative cross
sections.
In Fig. 1, the experimental peak intensity of the direct
contribution 3s was 3.25 times higher than one of the
conjugate 3p peaks. By assuming an isotropic Auger decay
and dipolar photoionization, the ratio between the cross
sections for direct and conjugate channels is given by the
ratio of the Auger peaks. Hence, the 3.25 ratio between the
photoelectron peaks from the 3s direct and 3p conjugate
channels (see Fig. 1) is due to the angular distribution of
photoelectrons. A “p” photoelectron associated to direct
shakeup and leading to the Neþ 1s−2 ns state is expected to
have a cos2 θ distribution in the dipole approximation, with
θ being the angle with respect to the photon polarization
vector, while for conjugate shake-up, the photon angular
momentum is transferred to the excited electron, and the
shakeoff of the other electron should be isotropic. Taking
into account the angular acceptance of the analyzer, the
ratio for the two processes is expected to be ð1 þ cos θ þ
cos2 θÞ ¼ 2.82 (for a half acceptance angle θ ¼ 20°). The
slight discrepancy between the experimental and theoretical
results can possibly be due to the manifestation of nondipole effects in the photoelectron angular distributions
observed by Lindle and Hemmers in ionization of the
neon 2p shell [43]. A dedicated analysis of these effects
will be the subject of a forthcoming publication.
In conclusion, we have presented photoelectron and
Auger electron spectra following the creation of doubleK-shell-hole states in neon and provided a detailed assignment of the former. We have obtained their lifetime
broadening. We also find, in agreement with the calculation
of Bhalla et al. [31], that the lifetime broadening of K −2
states is more than twice the one of K −1 states, which we
interpret as due to the contraction of the valence orbitals
and, thus, their overlap with the 1s orbital. Thanks to our
high-resolution measurements, providing reliable information on the linewidths and line shapes of the spectral
features, we have disentangled different types of Auger
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transitions overlapping in the same kinetic energy range.
We have also observed a PCI effect on hypersatellite Auger
peaks of DCH states, which is due to the U-shaped energy
sharing between the two photoelectrons.
Experiments were performed on the GALAXIES
beam line at SOLEIL Synchrotron, France (Proposal
No. 99140145). We are grateful to D. Prieur for technical
assistance and to SOLEIL staff for smoothly running the
facility. R. F. and M. N. P. thank the Swedish Research
Council for financial support. A. F. L. thanks Coordenação
de Aperfeiçoamento de Pessoal de Nível Superior-Brazil
for the support.
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