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Four-body postcollision interaction and two-photon pathways in neon double-core-hole states
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Double-core-hole (DCH) states offer a unique window into electron correlation and multielectron dynamics.
Using intense x-ray free-electron laser (XFEL) pulses and high photon-energy resolution, we generate DCH
states in neon via sequential absorption of two x-ray photons within the 1s core-hole lifetime (∼=2.4 fs). These
DCH states are populated, depending on the photon energy, via two different pathways, and they are detected
via their KLL hypersatellite Auger decay. A high-photon-energy-resolution study of these two pathways,
previously identified in water, allows us to reveal further details of the corresponding processes. The sequential
double-ionization with two photons also allows us to study postcollision interaction (PCI) in a four-particle
system consisting of the remaining ion, as well as two photoelectrons and one Auger electron, each with
well-defined velocities. The observed PCI shift is well described by a theoretical approach based on the eikonal
approximation and shows that the influence on the Auger electron is dominated by the slow photoelectron,
while the fast photoelectron provides only a minor correction. Calculations show that for the utilized two-photon
double-ionization scheme to prepare DCH states, the length of the FEL pulse influences the PCI shift.

DOI: 10.1103/62xn-rkzr

I. INTRODUCTION

Ultrafast electron dynamics in matter can be studied using
x-ray photoelectron spectroscopy with intense light sources
such as synchrotrons and x-ray free-electron lasers (XFELs).
Core-level excitations to highly excited states below the corre-
sponding ionization threshold, followed by ultrafast relaxation
processes occurring for light elements on the femtosecond
and for heavy elements on the subfemtosecond timescales [1],
reveal information about electron correlation and many-body
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interactions [1–7]. Such processes provide insights into elec-
tron and nuclear dynamics in atoms and molecules.

Electron decay dynamics become faster and more sensitive
to the chemical environment when double-core-hole (DCH)
states are involved [8–10], thereby shortening the timescale
even for light elements into the subfemtosecond domain. This
allows the study of ultrafast nuclear dynamics on ultrashort
timescales, as shown for gas-phase H2O [4,7] and liquid
water [11].

Moreover, DCH states are more sensitive to the chemical
environment than single-core-hole (SCH) states [12]. In par-
ticular, comparing the ionization potentials of SCH and DCH
states allows one to distinguish initial- and final-state effects
contributing to the chemical shift [13].

K-shell DCH states can generally be distinguished into
three types, namely, (1) doubly ionized K−2 states, (2) singly
ionized K−2V, and (3) neutral K−2VV′ DCH states. Strictly
speaking, K−2, K−2V, and K−2VV′ are not states but con-
figurations, since a state is defined by the principal quantum
number N , the orbital angular momentum L, the total angular

2643-1564/2026/8(4)/043127(12) 043127-1 Published by the American Physical Society

https://orcid.org/0000-0002-1169-6459
https://orcid.org/0000-0001-9239-7372
https://orcid.org/0000-0002-8761-6873
https://orcid.org/0000-0003-2007-6419
https://orcid.org/0000-0001-8672-4138
https://orcid.org/0000-0002-9015-3339
https://orcid.org/0000-0001-9504-3692
https://orcid.org/0000-0002-2787-5347
https://orcid.org/0000-0001-8896-9219
https://orcid.org/0000-0002-3306-5842
https://orcid.org/0000-0002-0891-9180
https://orcid.org/0000-0002-2251-039X
https://orcid.org/0000-0002-7745-7629
https://orcid.org/0009-0004-9612-221X
https://orcid.org/0000-0001-5201-0495
https://orcid.org/0000-0003-3105-459X
https://orcid.org/0000-0001-7486-7238
https://orcid.org/0000-0002-2525-5435
https://ror.org/02en5vm52
https://ror.org/02feahw73
https://ror.org/03z20vp15
https://ror.org/01ydb3330
https://ror.org/03jbf6q27
https://ror.org/046ak2485
https://ror.org/05gvnxz63
https://ror.org/01wp2jz98
https://ror.org/03k9qs827
https://ror.org/01js2sh04
https://ror.org/024mw5h28
https://ror.org/00g30e956
https://ror.org/05vghhr25
https://ror.org/01wp2jz98
https://ror.org/02feahw73
https://crossmark.crossref.org/dialog/?doi=10.1103/62xn-rkzr&domain=pdf&date_stamp=2026-11-04
https://doi.org/10.1103/62xn-rkzr
https://creativecommons.org/licenses/by/4.0/


ABHISHEK VERMA et al. PHYSICAL REVIEW RESEARCH 8, 043127 (2026)

FIG. 1. Energy-level diagram for the states involved in pathway
A (right part) and pathway B (left and middle part). The states are
labeled next to the horizontal lines, where g.s. represents the elec-
tronic ground state. The corresponding transition energies are given
beside the arrows. Note that for both pathways, the first step is not
resonant, as excess energy is carried away by the photoelectron (not
shown), but the second step is, with the exception of the formation of
1s−2 states via pathway A, and the given transition energies should
correspond to the photon energies shown in Fig. 2.

momentum J , and the magnetic quantum number MJ [14].
Nevertheless, we will use the colloquial term “double-core-
hole state,” which is regularly found in the literature (see, e.g.,
Refs. [2,15,16]). For the latter two types of states, K−2V and
K−2VV′, one or two 1s electrons are promoted into a virtual
orbital, i.e., an orbital unoccupied in the ground state, V (V′).
The first two types of DCH states can also be populated start-
ing from the ground state by a single photon via shakeup or
shakeoff processes. They can be observed either by electron-
electron coincidence [17,18] or indirectly via hypersatellite
Auger decay [1]. In addition, the K−2V states can also be ob-
tained by conventional photoelectron spectroscopy [1]. In this
case, different DCH states are produced at a given photon en-
ergy; i.e., selective population of a single K−2 or K−2V DCH
state by changing the photon energy is not possible, since
the formation process involves electron correlation. The same
holds for formation via electron or ion impact. In contrast,
selective formation of DCH states starting from the ground
state requires a sequential two-photon process, which occurs
within the lifetime of an SCH [5,9,19,20]. Such processes do
not require strong correlation effects but require extremely
high photon fluxes, which are provided only by ultrashort,
high-intensity pulses from XFEL sources.

In a recent publication, Ismail et al. [9] showed that the
population of DCH states with two photons occurs via two
different pathways, which are shown in Fig. 1. In the first
pathway (pathway A), the first photon ionizes the atom or
molecule, leading to a 1s−1 state. The second photon promotes
the remaining 1s electron into a virtual orbital (K−2V state) or
into the continuum (K−2 state), and the entire process can be
described by

Ne
hν−→ Ne1+(1s−1) + eph1

hν−→ Ne1+(1s−2np) + eph1

and

Ne
hν−→ Ne1+(1s−1) + eph1

hν−→ Ne2+(1s−2) + eph1 + eph2,

respectively. Here, eph1 and eph2 are the photoelectrons emitted
by the first and second photons, respectively.

In the second pathway (pathway B), core 1s ionization by
the first photon is accompanied by a shake process in the va-
lence region, leading, in the case of neon, to 1s−12p−1(n, ε)p
final states, where n denotes the bound Rydberg states and ε

denotes the continuum states. The second photon promotes
the remaining 1s electron into the vacancy in the 2p shell.
Note that the dipole matrix element for the 1s → 2p transi-
tion is much stronger than that for the 1s → np transitions
with n � 3 and compensates for the lower density of the
1s−12p−1(n, ε)p final states produced by the ionization pro-
cess with the first photon compared to the 1s−1 state [9]. The
formation of the K−2V states can be described by

Ne
hν−→ Ne1+(1s−12p−1np) + eph1

hν−→ Ne2+(1s−2np) + eph1

and of the K−2 states by

Ne
hν−→ Ne2+(1s−12p−1) + eph1 + eph2

hν−→ Ne2+(1s−2) + eph1 + eph2.

In pathway B, the absorption of the second photon leads
to a resonant 1s → 2p excitation that repopulates the 2p hole.
Because of this, the spectral features of pathway B are gener-
ally found at lower photon energies, as can be seen from the
energies given in Fig. 1 and the upper panel of Fig. 2, which
shows an integration of the map displayed in the lower panel
along the electron-energy axis and represents an absorption
spectrum for the second photon. Moreover, the K−2V and
the K−2 DCH states populated via pathway A are visible
at different photon energies, while the K−2V and the K−2

DCH states populated via pathway B are excited with almost
identical photon energies. Because of this, pathway A allows
K−2V and K−2 DCH states to be prepared selectively using
a narrow-band, one-color two-photon scheme; this scheme is
used in the present work. The population of K−2VV′ DCH
states requires either a broadband one-color or a narrow-
band two-color two-photon scheme. Note that a broadband
one-color scheme has been used by Pelimanni et al. [21] to
populate K−1K−1V2 two-site DCH states of N2.

In this work, we produce both K−2V and K−2 states via
both pathways A and B. Since the K−2V states of neon popu-
lated via pathway A are already extensively studied [5,20,22],
we focus in the present work on differences between path-
ways A and B, details on pathway B, and the postcollision
interaction (PCI) effect of K−2 states produced by pathway A.
The high photon-energy resolution used in the present work
and the simplicity of the neon atom as compared to the water
molecule studied previously [9] allow us to reveal additional
details on both pathways.

The PCI effect, which is studied in the present work using
the Auger spectra of the K−2 states of neon, is generally a
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FIG. 2. Lower panel: 2D map of the intensity of electron emis-
sion in the Auger hypersatellite region of double-core holes in neon
over a photon-energy range around the second K-shell threshold
at 993.8 eV. The data were measured in the vertical direction to
effectively suppress background caused by the 2s valence ionization.
The intensities are given by a linear color code shown above the
map, and the final states of the Auger decay are labeled next to the
corresponding spectral features. Upper panel: Integration along the
electron energy dimension of the 2D map representing an absorption
signal for the second photon. In this panel, for pathway A, the energy
positions of 1s−2(n, ε)p DCH states are indicated.

well-known effect due to the interaction of a slow photo-
electron and a fast Auger electron in the field of the ion,
and can in the case of a single ionization be understood as
a three-body energy exchange mechanism [23,24]. The effect
leads to an energy shift and a line distortion of photoelectron
and Auger lines and has been extensively studied for single-
core ionization [24–28], but remains largely unexplored for
DCH states, where two photoelectrons are emitted so that the
PCI effect becomes a four-body energy-exchange mechanism.
Three synchrotron-based studies in neon and argon [1,29,30]
revealed in the Auger spectra partial PCI signatures of DCH
states, but could not capture key features such as PCI-induced
energy shifts or photoelectron recapture. The difficulty arises
from the one-photon process used in Refs. [1,29,30] to form
the DCHs, which generates two photoelectrons of unknown
individual kinetic energy. The energy sharing normally leads
to one slow and one fast electron [18]; however, the kinetic
energies of the individual photoelectrons cannot be resolved
without electron-electron coincidence spectroscopy. More-
over, in a one-photon process, the kinetic energies of the
photoelectrons cannot be changed in a controlled way. As a
result, it is difficult to identify which of the two photoelectrons
interacts more strongly with the Auger electron and causes the
PCI effect. This problem can be solved by the production of
the K−2 states via pathway A, since in this way photoelectrons

with variable but well-defined kinetic energies can be pre-
pared. This allows us to study the four-body problem in more
detail using well-defined photon energies for the electrons
involved.

In summary, we use two-photon absorption processes to
populate K−2 and K−2V DCH states in neon and aim to
elucidate PCI mechanisms in four-particle systems as well as
to compare pathways A and B for DCH formation. For the
latter aspect, we also address differences between atoms and
molecules.

II. EXPERIMENT

The measurements were performed at the small quantum
systems (SQS) instrument of the European x-ray free-electron
laser (EuXFEL) [31], which is dedicated to investigating fun-
damental processes of light-matter interaction in the soft x-ray
regime. The self-amplified spontaneous emission (SASE3)
undulator beamline of the EuXFEL [32], equipped with
variable polarization capability, provides intense, ultrashort
x-ray pulses in the 250–3000 eV photon-energy range. In the
present experiment, we employed linearly polarized radiation
in the horizontal plane.

For the present study, the photon energy was scanned over
a range of 940–1015 eV in 0.1 eV steps. The pulses with a
duration of ≈25 fs and an energy of 7.5 mJ were delivered
with an effective pulse-train repetition rate of up to 3.5 kHz.
The x-ray beam was focused to a spot size of 1.5 × 1.5 μm2

using Kirkpatrick-Baez mirrors [33] at a grazing-incidence
angle of 9 mrad relative to the experimental chamber.

The photon beam was monochromatized with a variable
line-spacing grating monochromator, equipped with grat-
ings of 150 lines/mm and 50 lines/mm [34]. Using the
50 lines/mm grating with 400 μm exit slit provided an es-
timated photon bandwidth of ≈1.3 eV [34], which is slightly
larger than the result of 1.0 ± 0.1 eV obtained from a fit analy-
sis of spectral features present in Fig. 2. Transmission through
the monochromator stretched the pulses to ≈30 fs [34] and
yielded photon flux corresponding to an energy of 35 μJ,
which corresponds to a peak intensity of 5.7 × 1016 W cm−2.
During the experiment, Neon was injected effusively through
a 100 μm inner-diameter nozzle, resulting in a chamber pres-
sure of about 3 × 10−8 mbar under gas load.

The DCH states of neon were studied by detecting KLL
hypersatellite Auger electrons. The electrons were collected
with high-resolution electron time-of-flight (eTOF) spectrom-
eters [35] arranged at three detection angles with respect to
the XFEL polarization: vertical (90◦), horizontal (0◦), and
magic angle (54.7◦). The presented data were recorded with
the eTOF mounted in the vertical direction, since the spectra
recorded in the other two directions show significant back-
ground caused by the 2s valence-ionization lines, both the
main line and the satellites, due to their angular distribu-
tion. Note that at photon energies around 1000 eV, the 2s
photoionization cross section is significantly larger than the
2p ionization cross section. For the data analysis of the PCI
effect, the data recorded in the horizontal direction were used,
since they show a high count rate and, therefore, less noise
above the DCH ionization threshold. The spectrometers were
aligned relative to the intersection of the XFEL beam and
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the gas jet by maximizing the signal from a reference Ne
KLL Auger line. Each eTOF spectrometer is equipped with
multielement electrostatic lenses. This lens system enables the
application of retardation or acceleration voltages to optimize
either the kinetic-energy resolution or the electron acceptance.
In the present experiment, a retardation potential of 825 V
was applied, yielding an estimated kinetic-energy resolution
of ≈350 meV.

Complementary PCI studies on Ne 1s−1 SCH photoe-
mission were performed at the PLEIADES beamline of the
SOLEIL synchrotron facility [36]. This beamline is equipped
with an APPLE II HU80 permanent-magnet undulator, pro-
viding linearly polarized radiation in the soft x-ray range. The
photon beam was monochromatized using a 600 lines/mm
grating, yielding a photon bandwidth of ≈120 meV at the
Ne 1s−1 ionization threshold. The experiments were con-
ducted at a permanent gas-phase electron spectroscopy
endstation. The gas pressure in the chamber was maintained
at 1 × 10−5 mbar. Ne 1s photoelectrons were recorded with a
VG Scienta R4000 hemispherical analyzer operated at 5 eV
pass energy with a 0.2 mm curved entrance slit to measure the
very slow electrons. Due to the low pass energy necessary for
the detection of slow photoelectrons and the small entrance
slit, the analyzer resolution is very high and can be neglected
compared to the total experimental resolution equal to the
photon bandwidth of ≈120 meV. Photon energies between
872 and 900 eV were used, producing photoelectrons with
excess energies up to 30 eV.

III. RESULTS AND DISCUSSION

A. Overview

Figure 2 shows the two-dimensional (2D) map of hyper-
satellite Auger electron intensities of neon DCH states created
by sequential absorption of two photons. In the map, the x
axis represents the photon energy and the y axis the kinetic
energy of the Auger electrons. The electron spectra were
recorded with the eTOF spectrometers in the kinetic-energy
range 865–886 eV, while the photon energy was scanned from
940 to 1015 eV in 0.1 eV steps to cover the relevant excita-
tion and ionization channels. This map, therefore, provides a
global view of all electronic processes leading to hypersatel-
lite Auger emission following DCH formation by the intense
XFEL pulses.

As explained above, the upper panel of Fig. 2 represents
an absorption spectrum for the second photon. For pathway
A, several peaks are observed in the energy range from 982 to
994 eV and assigned to 1s−2np states. In contrast, for pathway
B, only one peak at 943 eV is found, which can be assigned
to different overlapping excitations; for details, see below.
These overlapping excitations readily explain the different
Auger structures for the two pathways, since the decay is
independent of the formation pathway. For K−2V DCH states,
it is given by

Ne1+(1s−2np) → Ne2+(1s−12p−2mp) + eAuger,

with eAuger being the Auger electron. Auger transitions with
m = n describe spectator decays, while those with m �= n
describe participator Auger decays due to shake processes.

The K−2 DCH states decay via

Ne2+(1s−2) → Ne3+(1s−12p−2) + eAuger.

We shall first briefly discuss the K−2V DCH states popu-
lated via pathway A, followed by the K−2V and K−2 DCH
states populated via pathway B, and finally the K−2 DCH
states populated via pathway A, where we focus on the PCI
effect. We also compare the spectral features formed by the
two pathways.

B. K−2V DCH states via pathway A

The spectral features caused by pathway A are visible at
photon energies above 980 eV and can be found in Fig. 2 on
the right side of the vertical dashed line. We shall now focus
on the resonantly excited K−2V DCH states, which are found
in the photon-energy range of 980–993.8 eV, while above the
latter value the doubly ionized K−2 state is populated. The
photon energies required for the excitations to the 1s−2np
states and the ionization threshold 1s−2εp are indicated in the
upper panel of Fig. 2. The different final states of the hyper-
satellite Auger decay are shown along the dashed diagonal
lines and are also labeled in Fig. 2.

The structures of the K−2V DCH were previously observed
and discussed in Ref. [5] using the SASE beam with a photon
bandwidth of about 8.5 eV, as well as in Ref. [20] using
a monochromatic beam with a photon bandwidth of about
430 meV, i.e., with a resolution better than in the present
case, which allows them to resolve the resonance structures
in pathway A in much greater detail. Moreover, these spectral
features are discussed theoretically by Kiselev et al. [22], so
we do not give a detailed discussion on the assignment of
these spectral features. In short, the assignment of the spectral
features is given by the labels in Fig. 2.

Note that the spectral features are due to a resonant Auger
process, so that the final states generally follow a linear dis-
persion as indicated by the diagonal lines. This can be seen,
e.g., for the hypersatellite Auger decay to the 1s−12p−44p
final-state configuration, which can be found as a shakeup
satellite of the 1s−23p state at a kinetic energy of ≈871.5 eV
and as spectator decay of the 1s−24p state at ≈877 eV.

In contrast to such a linear dispersion, the individual
islands in the 2D map predominantly exhibit a vertical ori-
entation. Nevertheless, a detailed analysis of the most intense
(dark blue) island at photon energies of 983.5 eV and ki-
netic energies around 882 eV representing the 1s−23p →
1s−12p−23p hypersatellite Auger transitions is not strictly
vertical. Instead, a fit analysis reveals that the high-kinetic
energy part of this island is located about 300 meV higher
in photon energy than the low-kinetic energy part.

There are two reasons for this complex behavior. First,
each island shows different transitions with slightly different
kinetic energies since each 1s−12p−4np final-state configura-
tion leads to various final states (see Kiselev et al. [22]); this
results in a stretching of the islands in the vertical direction.
Second, as discussed by Gel’mukhanov and Ågren [37] as
well as Kukk et al. [38], the exact dispersion of resonant
Auger transitions in 2D maps depends on the combination
of lifetime broadening and experimental resolutions. For ex-
periments performed in resonant-Raman conditions, i.e., with
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an experimental resolution much smaller than the lifetime
broadening, the dispersion is linear with a slope of 1. In
the experiments by Mazza et al. [20], these conditions are
fulfilled. For the case of an experimental resolution large
compared to the lifetime width, the dispersion is expected to
be strictly vertical. In the present case, however, the resolution
of about 1.0 eV is only slightly larger than the DCH lifetime
of 700 meV, which leads to a more complex behavior, namely,
to a vertical dispersion close to the resonance energy, which
turns back to a linear behavior further away from it result-
ing in an S-shape behavior [37,38], in agreement with the
observation.

C. DCH states via pathway B

At photon energies around 943 eV, a second set of hy-
persatellite Auger structures is observed and assigned in
accordance with Ref. [9] to pathway B. To interpret these
features around 943 eV in detail, we compare the observed
resonances with known excitation energies from the liter-
ature, summarized by the energy-level diagram in Fig. 1.
The relevant states belong to the configurations 1s−12p−1np,
1s−12p−1, 1s−2np, and 1s−2, and their energies are refer-
enced relative to the ground state (g.s.). Reported data place
the SCH shakeup satellites in the 907.5–921.6 eV range
above the ground state [39,40] and the DCH states in the
1853.3–1864.0 eV range [1].

The final states of the intermediate configuration
1s−12p−1np separate into two Rydberg series, namely,
1s−12p−1np(L) and 1s−12p−1np(U ), which converge toward
the thresholds 1s−12p−1(L) and 1s−12p−1(U ). The levels of
the (L) series lie at lower energies, corresponding to states
where the 1s−1 and 2p−1 couple predominantly to a triplet.
Conversely, the (U ) series corresponds to singlet-coupled
hole states and, therefore, appears at higher energies.

Based on the energy levels summarized in Fig. 1, two se-
ries of resonances are expected. The 1s−12p−1(n, ε)p(U ) →
1s−2(n, ε)p transitions should occur at photon energies
around 942.4 eV (vertical solid arrows in the middle of Fig. 1),
while the 1s−12p−1(n, ε)p(L) → 1s−2(n, ε)p transitions are
predicted near 946.5 eV (vertical dashed arrows in the left part
of Fig. 2).

In the present study, pronounced structures are experimen-
tally observed around 943 eV in Fig. 2, but no corresponding
features appear around 946.5 eV. The absence of the latter se-
ries can readily be understood based on dipole selection rules:
In the 1s−12p−1(n, ε)p(L) series, the 1s and the 2p holes
couple predominantly to a triplet state. Consequently, the re-
maining 1s electron and the 2p vacancy have opposite spin
orientation, making the required 1s → 2p excitation a spin-
flip transition, which is strongly suppressed. In contrast, in the
states of the (U ) series, the spins of the remaining 1s electron
and the 2p electrons couple to a singlet so that the 1s → 2p
excitation is dipole allowed. The 1s−12p−1np(U ) → 1s−2np
transitions at a photon energy of 943 eV agree within the
experimental uncertainties with the prediction of 942.4 eV.
Finer details of the excitation energies for the observed series
will be discussed further below, since this requires a better
understanding of the resonant Auger transitions, which shall
be given in the following.

In the 2D map, one can observe that the strongest spectral
feature for pathway A is the 1s−23p → 1s−12p−2(2D)3p
resonant Auger decay, while for pathway B the 1s−2 →
1s−12p−2(2D) normal Auger decay dominates. This can read-
ily be understood based on the population of the DCH states.
In pathway A, for all final DCH states, the intermediate SCH
state is identical, so that the resonant population of the 1s−23p
state is stronger than the nonresonant population of the 1s−2

continuum (see upper panel of Fig. 2). This finding is in full
agreement with the observations in H2O [9]. In pathway B,
the population of the final DCH state is determined by the
shake process in the first ionization step since the transition
probability of the 1s → 2p excitation in the second step is
rather independent of the initial state. Because of this, the
1s−23p → 1s−12p−2(2D)3p to 1s−2 → 1s−12p−2(2D) inten-
sity ratio of pathway B is determined by the 2p → 3p shakeup
to 2p shakeoff ratio of the first ionization step, which can be
estimated from the satellite photoelectron spectrum of Svens-
son et al. [39] of the Ne 1s ionization. This spectrum clearly
shows that the shakeoff process (integrated intensity of the
background) is significantly more intense than the 2p → 3p
shakeup process and explains the observation.

The influence of the shakeoff continuum can also be seen
in Fig. 3, which shows Auger spectra obtained from the 2D
map in Fig. 2 by integrating over selected photon energies to
represent selected pathways. In Fig. 3(a), the photon energy
is integrated over the energy range from 940 to 945 eV and
presents the total hypersatellite Auger spectrum for pathway
B. The presented spectrum is obtained by subtracting a linear
background caused by two-photon valence double ionization;
this process can also be seen in the upper panel of Fig. 2
by the background increasing slowly with decreasing photon
energies.

To assign the Auger spectrum of pathway B, panels (c)–
(f) show the hypersatellite decays of the 1s−2 continuum
(integration region from 1000 to 1005 eV) populated via
pathway A, of the 1s−25p state (integration region from 991
to 992 eV), of the 1s−24p state (integration region from
988 to 991 eV), and of the 1s−23p state (integration region
from 980 to 987 eV), respectively. The dotted vertical lines
indicate the kinetic-energy positions of the highest intensi-
ties in the Auger spectra of the 1s−2n, εp states and allow
to assign the spectral features in the Auger spectrum of
pathway B [panel (a)]. As discussed above, the dominating
feature at a kinetic energy of ≈872.5 eV is caused by the
1s−2εp → 1s−12p−2εp normal Auger transition and also par-
tially by higher-n 1s−2np → 1s−12p−2np (n � 5) resonant
Auger transitions while the 1s−23p → 1s−12p−23p resonant
Auger decays around 882 eV are slightly less intense.

Finally, Fig. 3(b) shows the Auger spectrum by integrating
over the photon-energy range from 980 to 1015 eV. This
spectrum matches quite well that of pathway B presented in
Fig. 3(a) and shows that a summation over different DCH
initial states has a significant influence on the Auger spectrum.
This holds, in particular, of the doubly ionized 1s−2 DCH
states since they are not resonantly excited, but can be pop-
ulated with a low intensity over a large photon energy range
(see upper panel of Fig. 2).

The intensity ratios for the Auger transitions of pathway
B observed for neon cannot be confirmed by similar studies
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FIG. 3. Auger spectra obtained by integrating over different pho-
ton energies in the two-dimensional map shown in Fig. 2. (a) Auger
spectrum associated with pathway B. (b) Auger spectrum obtained
by integrating over the entire region of pathway A, including the
continuum region. (c) Auger spectrum of the dicationic 1s−2 states
populated via pathway A. (d)–(f) Auger spectra associated with the
1s−25p, 1s−24p, and 1s−23p DCH states populated via pathway A,
respectively. For more details, see the text. The colored arrows in the
upper part of the figure indicate the range of kinetic energies used to
produce the spectra shown in Fig. 4.

on water [9] since the corresponding spectral features over-
lap partially with those of other processes. Moreover, in
molecules Ṽ → V shake transitions within the 2p shell are
possible, which may significantly change the shakeup to
shakeoff ratio. Obviously, for a conclusive answer on this
issue, more detailed studies on molecules are necessary.

Finally, we shall return to the excitation energies for
the observed pathway B via the 1s−12p−1(n, ε)p(U ) →
1s−2(n, ε)p transitions. The calculated values given in Fig. 1
show a small increase with n in the order of 0.1 eV. To
prove this experimentally, we show in Fig. 4 spectra along
the photon energy axis, which are obtained by integrating
over different kinetic-energy regions indicated by the colored
arrows in Fig. 3. The orange spectrum is obtained by an inte-
gration over a kinetic-energy region where only Auger decays
of the 1s−23p DCH state contribute. The red spectrum shows
contributions of the 1s−23p and 1s−24p DCH states. The blue
spectrum is dominated by the decay of the doubly ionized
1s−2 DCH state. These three spectra are fitted with a Voigt
profile. In detail, a fixed Lorentzian linewidth of 960 meV,
accounting for the lifetime broadening of the SCH initial state
and the DCH final state, is convoluted with a Gaussian profile
with the width as a free parameter, resulting in a value of

FIG. 4. Spectra representing the absorption signal of the second
photon for different 1s−12p−1(n, ε)p → 1s−2(n, ε)p transitions. The
spectra are obtained by integrating the signal of the 2D map shown in
Fig. 2 over selected kinetic-energy regions. The color of the spectra
agrees with the colored energy regions shown in the upper part
of Fig. 3, i.e., the orange spectrum represents the 1s−12p−13p →
1s−23p transition, the red one an overlap of the 1s−12p−13p →
1s−23p and 1s−12p−14p → 1s−24p transitions, and the blue one
the 1s−12p−1np → 1s−2np transitions with n � 5 and, in particu-
lar, the 1s−12p−1εp → 1s−2εp transition. The solid-colored lines
through the data points are the fitted results, and the colored vertical
dashed lines indicate the energy positions of each peak. For more
details, see the text.

1.0 ± 0.1 eV. The obtained peak position for the 1s−13p →
1s−23p transition (orange spectrum) is 942.44 ± 0.03 eV and
that for the 1s−1 → 1s−2 transition (blue spectrum) 942.59 ±
0.04 eV. The difference of 0.15 ± 0.05 eV agrees well with
the calculated value of 0.1 eV given in Fig. 1. Note that
no accurate calibration for the absolute photon energies is
performed.

The red spectrum with contributions from the 1s−13p →
1s−23p and 1s−14p → 1s−24p transitions shows a peak max-
imum at 942.45 ± 0.05 eV, indicating that the latter transition
requires a slightly higher photon energy than the former one.
The individual energy for the 1s−14p → 1s−24p transition
could, however, not be derived due to insufficient statistics.

Note that the almost equal resonance energies for pathway
B arise because of the fact that the shaken (n, ε)p electron
has, as a spectator of the process, almost no influence on
the 1s → 2p excitation energy. This is, however, a specific
characteristic of the closed-shell neon atom. As can be seen in
Ref. [9] (Fig. 3), the excitations of pathway B in H2O spread
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over almost 10 eV. This difference can readily be explained
by two facts. First, in water, the shake process can start from
different occupied O 2p-derived valence orbitals Ṽ = 1b2,
3a1, and 1b1 so that different orbitals can be populated in
the second step. Second, in water, the virtual orbitals V can
also be of O 2p-derived character. In this case, there is a
large spatial overlap of Ṽ and V so that the population of
different virtual orbitals V leads to different screening effects
of the orbitals Ṽ and, as a consequence, to different excitation
energies in the second step. In contrast, in neon, Ṽ = 2p and
V = np, with n � 3, i.e., the spatial overlap between Ṽ and V
is small.

D. K−2 DCH states via pathway A: PCI analysis

K−2 DCH states are produced by the sequential absorp-
tion of two identical photons when the photon energy is
tuned above the Ne 1s−1 threshold of K-shell-ionized Ne+

at ≈993.8 eV. As described above, these states decay pre-
dominantly via 1s−2 → 1s−12p−2 KLL hypersatellite Auger
decay, with 1s−2 → 1s−1[2p−2(1D2)](2D3/2;5/2) being the
most intense transition; without PCI shift, this transition is
located at a kinetic energy of 870.54 eV [1]. In the course of
the excitation and decay process, three electrons are produced,
namely, a fast Auger electron, eAuger, a medium-velocity first
photoelectron, eph1, and a slow second photoelectron, eph2.
Here, in particular, the Coulomb interaction between the slow
photoelectron and the fast Auger electron leads to PCI, man-
ifesting as a characteristic shift of the Auger line to higher
kinetic energies. This effect is visible in Fig. 2 between photon
energies of 993.8 and 1015 eV, where the Auger feature bends
with increasing photon energy. The PCI effect becomes more
obvious after a detailed data analysis, as presented in Fig. 6.

In detail, the first photon produces a photoelectron with
kinetic energy EKE1 = hν − IP1, with IP1 = 870.2 eV being
the 1s ionization energy of neutral neon. In the photon-energy
region of 993.8 to about 1015 eV used for the PCI studies, this
photoelectron possesses kinetic energies between 123.6 and
about 144 eV. The subsequent second photon promotes the
second photoelectron with EKE2 = hν − IP2 into the contin-
uum. Here, IP2 = IP1 + 123.6 eV = 993.8 eV is the increased
binding energy of the second 1s electron due to the presence
of the initial core vacancy [22,41], leading to kinetic energies
between 0 and 20 eV for the second photoelectron.

The Auger electron leaves the neon ion with an average
time delay of ≈0.95 fs relative to the photoelectron eph2,
corresponding to the DCH lifetime associated with a linewidth
of �DCH = 0.700 eV [1]. However, due to the much higher
kinetic energy, it overtakes eph2 after a relatively short time.
Because of this, the slow photoelectron experiences a sudden
change in the ionic field as the effective ion charge state
changes from doubly to triply charged, while the fast Auger
electron experiences a change in the ionic field from triply to
doubly charged. As a result, the photoelectron loses kinetic
energy �E2, while the Auger electron gains this energy. A
similar energy exchange �E1 occurs at a later time when
the Auger electron overtakes the faster photoelectron eph1.
This redistribution of kinetic energy also manifests as an
asymmetric line shape: Photoelectron spectra are broadened
with tails toward lower kinetic energies, while Auger electron

spectra exhibit tails on the higher-kinetic-energy side. This
characteristic distortion is referred to as PCI tailing.

The main difference between the interaction of the Auger
electron with the two photoelectrons is the time delay. In the
case of the interaction with eph2, the time delay is determined
by the DCH lifetime, while for the interaction with eph1, the
time delay between the absorption of the two photons also
plays a role. The exact time delay is unknown; however, for
efficient production of DCH states, it should lie between zero
and the SCH lifetime of about 2.4 fs [42]. It is, however, clear
that the PCI effect on the Auger electron is maximal if the
time delay between the absorption of the two photons is zero.
This limiting case allows us to estimate an upper limit for the
influence of eph1.

The PCI shift for an isolated atom can be quantitatively
described using a theoretical model based on the eikonal
approximation [23,26,43]. The model provides an analytical
expression for the PCI-induced energy shift by accounting for
the sudden change in the Coulomb potential experienced by
the electrons [26]. For a single photoelectron and an Auger
electron, the PCI shift can be written as [26,28,43]

�E = C
e2

4πε0 h̄

�A

2

(
1

vph
− 1

|�vA − �vph|
)

, (1)

where �vph and �vA are the velocities of the photoelectron and
the Auger electron, respectively, and vph is the norm of �vph.
The constants e, ε0, and h̄ represent the elementary elec-
tric charge, the vacuum permittivity, and the reduced Planck
constant, respectively. By default, all quantities are given in
SI units. The constant C describes the direction of the PCI
shift and is equal to +1 for Auger electrons and −1 for
photoelectrons.

However, this PCI estimation changes when considering
two photoelectrons and one Auger electron. For Ar 2p core-
valence double ionization by one photon, i.e., by simultaneous
emission of both photoelectrons, Huttula et al. developed and
applied the equation [29]

�E ′ = �E1 + �E2, (2)

with

�E1,2 = C
e2

4πε0h̄

�A

2

(
1

vph 1,2
− 1

|�vA − �vph 1,2|
)

(3)

where �vph1 and �vph2 are the velocities of the first photoelectron
eph1 and the second photoelectron eph2, respectively. Under
the present experimental conditions, with the Auger electron
being much faster than the photoelectrons, the terms e2/|�vA −
�vph1| and e2/|�vA − �vph2| are negligible compared to e2/vph1

and e2/vph2 and are therefore omitted in the subsequent dis-
cussion. This approximation makes the PCI shift independent
of the emission direction of the photoelectrons. As we will
show in detail in the Appendix, this allows us to simplify the
PCI shifts to

�E1,2 ≈ C
�A

2
×

√
13.6

Eph i[eV]
, (4)

where Eph i[eV] is the kinetic energy of electron i given in eV.
Here, we apply this formalism to describe the PCI shift

in the neon hypersatellite Auger spectra following creation
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of a DCH, taking �A = �DCH = 0.700 eV [1] for the DCH
lifetime. The fact that the formula is developed for double
ionization with one photon implies that the two electrons are
emitted simultaneously, which is the case for a two-photon
process only if both photons are absorbed at the same time.
As discussed above, a zero time delay therefore represents an
upper limit for the total PCI shift within the given model. It
is, however, well suited for experiments performed with x-ray
pulses much shorter than the core-hole lifetime.

In the next step, we take the time delay between the ab-
sorption of the first and the second photon into account. For
this, we can use a model developed for the second-step Auger
decay subsequent to x-ray emission [3,44], using an effective
lifetime since, in the present experiment, the pulse length of
the x-ray source is long compared to the core-hole lifetime of
the SCH. For this, we will first explain the model for the case
of Ar 1s ionization described by Guillemin et al. [3], namely,
the process

Ar
hν−→ Ar1+(1s−1) + eph1

→ Ar1+(2p−1) + eph1 + γ

→ Ar2+(3p−2) + eph1 + γ + eAuger.

Here, the first line describes the emission of a photoelectron,
the second line an x-ray emission decay, and finally the third
line the Auger decay of the 2p−1 core hole. In this case,
the PCI effect can be described using an effective core-hole
lifetime broadening �eff = �1s�2p/(�1s + �2p), which takes
into account that the emission of the Auger electron is delayed
by the 1s core-hole lifetime due to the intermediate step of the
emission of the x-ray photon.

To describe the present process,

Ne
hν−→ Ne1+(1s−1) + eph1

hν−→ Ne2+(1s−2) + eph1 + eph2

→ Ne3+(1s−12p−2) + eph1 + eph2 + eAuger,

we can use the same approach for reasons that shall be dis-
cussed in the following. In detail, we replace in the second
step the x-ray emission process with an x-ray absorption
process. In both cases, the probability of the process is pro-
portional to the population of the initial core-hole state, so that
a constant photon flux in the absorption process should lead
to an identical temporal dependence, which is given by the
lifetime of the initial core hole. Note that the constant photon
flux can be assumed since the present pulse duration of ≈30 fs
is long compared to the Ne 1s core-hole lifetime of 2.4 fs. The
emission of a very slow second photoelectron does not have
a direct influence on the much faster first photoelectron since
the latter always sees a charge of +1 until it is overtaken by the
fast Auger electron; a possible small increase in kinetic energy
of the Auger electron due to the PCI effect with the second
photoelectron can safely be neglected. Within this approach in
Eq. (2), the PCI shift for the first photoelectron can be written
as

�E1 = C
e2

4πε0h̄

�eff

2

(
1

vph1
− 1

|�vA − �vph1|
)

. (5)

FIG. 5. Fit of the most intense main feature of the hypersatel-
lite Auger line 1s−2 → 1s−1[2p−2(1D2)](2D), recorded at hν =
1014.5 eV and shown here as an example of the recorded spectra.
Note that this spectrum was recorded in the horizontal direction due
to the higher efficiency of the corresponding eTOF.

All PCI approaches discussed above are based on the
eikonal approximation and do not consider effects relevant
at short distances, such as incomplete screening of the nu-
clear charge and scattering due to multiple decay pathways.
Because of this, Eqs. (1) and (2) are applicable only if the pho-
toelectron energy is much higher than the PCI shift [26,28].
This is considered to be valid for Eph > E0 = �

2/3
A (EH/2)1/3

[28,43], with EH being 1 hartree or ≈27.21 eV. For the DCH
states of neon, E0 = 1.9 eV.

In the following, we shall analyze the PCI shifts of Auger
spectra measured above the Ne 1s−2 edge. Since the count
rates for the Ne DCH KLL Auger electrons are very low and
the background is high, resulting in a poor signal-to-noise
ratio, we first added 10 spectra recorded with a 0.1 eV photon-
energy step width into one spectrum. The resulting spectrum
was fitted with a Voigt function to determine the exact peak
position (see Fig. 5).

The obtained PCI shifts as a function of the excess energy
are presented in blue in Fig. 6. This PCI shift is also directly
visible in the 2D map (see Fig. 2) and is indicated above
994 eV by two diagonal lines with a slight negative slope. For
comparison, the PCI shifts for Ne 1s−1 photoelectron spectra
recorded at the PLEIADES beamline of the synchrotron radi-
ation facility SOLEIL are shown in purple dots. Note that the
PCI shifts for the photoelectron and the corresponding Auger
spectra are equal in size but opposite in direction (see above).
As expected, the PCI shifts decrease with increasing excess
photon energy. Obviously, the PCI shifts for the DCH states
are significantly larger than those for the SCH states, which
can be understood based on Eqs. (1) and (2) in combination
with the much larger lifetime width of the former states of
700 meV [1] as compared to the latter states of 270 meV [42].

In the next step, we shall compare the experimental results
with the prediction of the eikonal approximation. The red
solid curve represents the results for the SCH states and is
obtained using Eq. (1) as well as the SCH lifetime width
of 270 meV. For this case, there is, as expected, excellent
agreement between the experimental observations and the
theoretical predictions.
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FIG. 6. Energy shifts of peak positions from the expected values
for DCH hypersatellite Auger lines (measured at the SQS beamline)
and SCH photoelectron lines of Ne (measured at the PLEIADES
beamline) relative to their respective thresholds. Solid lines show the
calculated PCI shifts using Eqs. (1) and (2) for DCH. For the SCH
case, the fit is performed using Eq. (1) only. The lowest excess en-
ergies for which the solid lines are plotted indicate the energy above
which the eikonal approximation is valid. The error bars represent
the standard deviation of the peak positions as obtained from the fit
analysis.

For the DCH states, the situation is more complicated since
(1) two photoelectrons and one Auger electron are involved,
and (2) these two photoelectrons are not necessarily created
at the same time due to the absorption of two photons. The
influence of this time delay can be taken into account in a
simple way only for the extreme cases, namely, for x-ray pulse
durations much longer and much shorter than the core-hole
lifetime. To study the influence of the first, faster photoelec-
tron, the orange line in Fig. 6 represents the calculated PCI
shift of the slower electron by using a lifetime broadening of
� = 700 meV and neglecting the faster one completely. The
light blue curve is based on Eq. (2) with zero time delay, i.e.,
represents the emission of both photoelectrons with a short
pulse compared to the Ne 1s lifetime. Finally, the black curve
uses Eq. (2) and an effective lifetime for the fast photoelec-
tron, i.e., for the case of a pulse length long compared to the
neon core-hole lifetime.

In the present case, all three calculated PCI curves agree
well within the error bars with the experimental data (blue
dots); i.e., no influence of the faster photoelectron can be
confirmed experimentally. However, we performed similar
calculations assuming two photons of identical energy to pop-
ulate Ar 1s−2 and Kr 1s−2 DCH states. For neon (see Fig. 6),
we found a difference of about ≈10 meV between the curve
where the fast photoelectron is neglected (orange curve) and
the curve where both photoelectrons are taken into account,
assuming a long pulse (black curve). For argon and krypton,
these differences amount to ≈28 and ≈113 meV, respectively.
For neon, the difference between the curves for long pulse

(black curve) and short pulse (light blue curve) amounts to
≈30 meV, but becomes ≈85 and ≈340 meV for argon and
krypton, respectively. These numbers show that the effect
of the fast electron and, in particular, the influence of the
pulse length of the x-ray radiation, increases with the atomic
number and should be detectable in future experiments.

IV. CONCLUSIONS AND OUTLOOK

We present Auger hypersatellite spectra of Ne DCH states,
which are populated via a sequential two-photon absorption
process. These measurements are performed with monochro-
matized radiation provided by the European XFEL, leading
to high spectral resolution. This high resolution, as well as the
tunable photon energy, allows to populate selectively different
singly ionized 1s−2np DCH states and doubly ionized 1s−2

DCH states, as well as to select different population pathways,
as discussed recently for water by Ismail et al. [9]. In pathway
A, the first photon leads to a 1s ionization, and the second pho-
ton, depending on the photon energy, to a resonant 1s → np
excitation or to a second 1s ionization. In pathway B, the first
ionization process is accompanied by a shakeup process of
a 2p electron into a higher np Rydberg state or a shakeoff
process into the continuum, followed by a resonant 1s → 2p
excitation in the second step.

The present data show that the most intense spectral decay
feature via pathway A originates from the 1s−23p DCH state,
whereas via pathway B it originates from the 1s−2 DCH state.
This can be understood as follows. In pathway A, for all
final states, the first step is identical, and in the second step,
the resonant 1s → 3p excitation is the most intense one. In
pathway B, in the first step, shakeoff is more intense than
shakeup, while in the second step, the 1s → 2p excitation is
practically identical for all final states.

In the case of pathway B, the intermediate 1s−12p−1(n, ε)p
states can be distinguished into two groups, namely, those
where 1s−1 and 2p−1 holes form a singlet or a triplet. Here, the
present high-resolution measurements show that DCH states
can be populated only via configurations in which the two
holes form a singlet. This finding can readily be explained
with the dipole selection rules for spins and is expected to
be present also in molecular systems, although in the latter
case, the electronic structure is more complex and the effect is
probably masked by overlapping excitations.

Concerning pathways A and B, we also discussed differ-
ences for atoms and molecules. These differences are due to
the fact that in an atom, the occupied orbitals Ṽ = 2p are
fully occupied and the virtual orbitals V = np, with n � 3
are unoccupied. In molecules, Ṽ orbitals with different term
values exist. Moreover, not only the orbitals Ṽ but also the
orbitals V can be 2p derived, so that the interaction of these
both can be substantially different from that in atoms.

This work provides the first controlled experimental access
to PCI in a four-body system, namely, a fast Auger electron,
two photoelectrons, and a remaining ion, with tunable elec-
tron energies. In this case, the 1s−2 DCH state was prepared
via pathway A, which allows us to obtain two photoelec-
trons with well-defined velocities, namely, a slow one and
one with medium velocity. For the slow photoelectron, the
kinetic energy was tuned by the photon energy between 0
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and 20 eV. The observed PCI shifts agree reasonably well
with calculations based on the eikonal approximation, and
the PCI shift is dominated by the short DCH lifetime and
the interaction of the slow photoelectron. The interaction be-
tween the Auger electron and the faster photoelectron leads
only to a minor, however, not negligible correction of the
PCI shift. The present calculations show an influence of the
x-ray pulse length on the PCI shifts of the Auger electron,
which in the present case is minor. However, calculations also
show that the effect increases for heavier atoms. An additional
significant increase can be expected in two-color experiments,
which allow to produce two slow photoelectrons. Finally, two
x-ray pulses with variable polarization direction may produce
photoelectrons with selected preferential directions and may
allow, in the future, to study angular-dependent effects in the
four-body postcollision interaction effect.
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APPENDIX: SIMPLE FORMULA FOR PCI SHIFT

The energy shift observed in the Auger electron spectrum
due to PCI is fundamentally a dynamic exchange of potential
energy between the final-state electron and the ion. Within the
eikonal approximation, we can obtain the energy shift due to
the PCI effect. This Appendix derives the simple formula used
to obtain the PCI shift.

In the eikonal approximation-based model, the energy shift
�E is calculated based on the change in the Coulomb en-
ergy for the fast Auger electron as it overtakes the slow
photoelectron in the ionic field shown in Eq. (1). Under the
approximation where the Auger electron has much higher
kinetic energy than the photoelectron, Eq. (1) can be written
as

�E = C
e2

4πε0h̄

�A

2

1

vph
. (A1)

If we multiply the numerator and denominator of Eq. (A1) by
the speed of light, c ≈ 3 × 108 m/s, we obtain

�E = C
e2

4πε0 h̄c

�A

2

c

vph
. (A2)

With e2/4πε0 h̄c = α ≈ 1/137 being the fine-structure con-
stant and vph = √

2Eph/me (me is the rest mass of the
electron), we obtain

�E = Cα
�A

2

c

vph
= C

�A

2

√
α2mec2

2Eph
. (A3)

With mec2 ≈ 0.511 MeV and α2mec2/2 ≈ 13.6 eV being the
Rydberg constant, we obtain for the PCI shift

�E (eV) ≈ C
�A[eV]

2

√
13.6

Eph[eV]
, (A4)

where all values are given in electron volts.
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