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9Université Paris-Saclay, Institut des Sciences Moléculaires d’Orsay ISMO, UMR CNRS 8214, F-91405 Orsay, France
10Department of Physics and James Franck Institute, The University of Chicago, Chicago, Illinois, USA

11Institute of Physics, University of Freiburg, Hermann-Herder-Straße 3, 79104 Freiburg, Germany
12Synchrotron SOLEIL, L’Orme des Merisiers, Saint-Aubin, F-91192 Gif-sur-Yvette Cedex, France

13Fachbereich Physik, Freie Universität Berlin, Arnimallee 14D-14195 Berlin, Germany

(Received 16 August 2023; revised 23 October 2023; accepted 1 November 2023; published 20 December 2023)

Excited double-core-hole states of isolated water molecules resulting from the sequential absorption of
two x-ray photons have been investigated. These states are formed through an alternative pathway, where
the initial step of core ionization is accompanied by the shake-up of a valence electron, leading to the same
final states as in the core-ionization followed by core-excitation pathway. The capability of the x-ray
free-electron laser to deliver very intense, very short, and tunable light pulses is fully exploited to identify
the two different pathways.
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X-ray free-electron lasers (XFELs) have the unique
ability to produce a very high density of x-ray photons
within an ultrashort pulse duration. This allows for the
interaction of an atom or molecule with multiple photons,
resulting in what is called sequential excitation or sequen-
tial ionization. The high intensity of the photon beam in
combination with the short pulse duration can be used to
produce, for example, electronic states such as double-core-
hole (DCH) states with holes in the K shell, either as
dication (K−2) or as monocation with one additional
electron in the valence shell (K−2V) [1–3].
The lifetimes of the double-core-hole states are much

shorter than those of single-core-hole (SCH) states [4–6].
This is the reason why the DCH states can be used as a
femtosecond probe, allowing, for instance, a breakthrough
to earlier stage (1 fs) of the interaction of water with
x rays [7]. Moreover, DCH states are of great interest
because they are much more sensitive to the chemical

environment compared to the SCH ionic states [1,8–10].
StudyingDCH states is particularly relevant for the radiation
damage in experiments at high-intensity x-ray radiation,
because they lead to temporary reduced x-ray absorption
cross sections. This phenomenon termed x-ray induced
transparency [11] or frustrated absorption [12] is particularly
appealing for prospective single-molecule diffractive imag-
ing experiments [13].
The signatures of these states with very short lifetimes, in

the order of a femtosecond or below, are observable in the
subsequent nonradiative relaxation processes, which in the
case of monocations (K−2V states) can be viewed as
resonant Auger decays of the produced DCH states. In
these nonradiative decays, an electron from a higher energy
level fills one of the two core holes, while another electron,
a so-called hypersatellite Auger (HS) KVV1, is emitted into
the continuum. The second core hole can be filled by a
second step of Auger decay (KVV2). The HS Auger
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electrons have a higher kinetic energy than those emitted in
the Auger decay of SCH states. Measuring HS Auger
electrons while tuning the photon energy allows us to map
the monocationic K−2V resonances [3].
In this Letter, we report on various DCH excited states of

H2Oþ and H2Oþþ ions produced resonantly and selectively
by sequential absorption of x-ray photons from the ground
state (g.s.), via the excitation scheme O ðg:s:Þ → O 1s−1 →
O 1s−2V or O 1s−2. In addition to these spectral features,
where the excitation pathway is expected, we found addi-
tional resonance features with comparable intensity but at
lower photon energies. Our calculations have revealed an
alternative pathway to produce H2Oþ and H2Oþþ DCH
states with lower photon energies. The novel characteristics
of this route are that it involves a shake-up state in the first
step and a previously occupied and then vacated state
reached in the second step. To the best of our knowledge,
resonant nonlinear processes involving shake-up states
as intermediate steps have not yet been discussed in the
literature.
The identification of two different pathways leading to

the same final state is made possible here by fully
exploiting the characteristics of the light source, and
namely its high intensity, time structure, and tunability
at the same time.
A K−2V DCH state can be produced in two ways that

depend on the photon energy (Fig. 1). In the “intuitive”
pathway (denoted pathway A), as observed in Ref. [3], a
first photon ionizes one 1s electron and a second photon
excites the remaining 1s electron into an unoccupied
orbital. For water, a photon energy around 616 eV is
required for the O 1s−1 → O 1s−2 4a1 (LUMO) transition
in the core-ionized H2Oþ ion.
There is also an alternative pathway (called pathway B),

in which the ionization with the first photon is accompanied
by a shake-up of a valence electron. As shown in this Letter,
in this case, the excitation in the second step is dominated
by the promotion of the second 1s electron into the valence
orbital depopulated by the shake-up process. In other
words, in pathway B, a satellite of the O 1s ionization is
the intermediate state. These states appear in an energy
region of about 15–40 eV higher in energy than the O 1s
main line [34] and allow for the population of the K−2V
states in the second step with photons of lower energy
(about 600 eV).
Figure 2(a) shows for H2O a 2D map obtained from the

present measurement. In detail, we measured, using the
time-of-flight (TOF) technique, electron spectra over a
wide kinetic-energy range (several 100 eV) and changed
the photon energy in energy steps of 1 eV. By plotting these
electron spectra as a function of the photon energy (x axis)
we obtain 2D maps. In these maps, the kinetic energy of the
electrons is given along the y axis and the intensity is
encoded by the different colors; see legend. In principle, the
2D maps display all processes that produce electrons, i.e.,

photoelectron spectra of neutral and ionized species as well
as the Auger decay processes of the different SCH or DCH
states. The process of interest can be displayed by selecting
the corresponding photon-energy and the kinetic-energy
intervals. In the present work, we study the DCH states by
detecting the subsequent, i.e., first step HS Auger decay.
For this purpose, the electron spectra are measured in the
kinetic-energy range from 520 to 600 eV by using photon
energies between 590 and 630 eV. For these measurements,
the photon bandwidth is about 7 eV at full width at half
maximum (FWHM). Moreover, the electron-energy reso-
lution is estimated to be 0.7 eV. Figure 2 shows two
diagonal structures that exhibit a linear dispersion with the
photon energy and correspond to the outer ð1b1; 3a1; 1b2Þ
and inner (2a1) valence photoelectrons of H2O with a
possible contribution from the valence lines of H2Oþ and
the single-core-ionized H2OþðK−1Þ ion. The latter leads to
identical final states as produced by the participator HS
Auger decay from K−2V states. The outer-valence line was
used to calibrate the electron kinetic energy.

FIG. 1. Simplified schematic representation of the processes for
the population of the K−2V DCH states by two-photon processes.
Given are the ground state (g.s.), the K−1 (right), the satellite
K−1 V0−1V (left), and the final K−2V states. Right: path A using
two photons of energy hν1: The first photon produces the K−1

state and a second photon resonantly excites a K−2V state. Left:
path B using two photons of energy hν2: In the first step
K−1 V0−1V states are formed and in the second step K−2V
states are populated. Note that K−2V states can be populated
via two different photon energies, namely hν2 < hν1, since
EðK−1 V0−1VÞ > EðK−1Þ. Inset right: experimental O 1s photo-
electron (eph) satellite spectrum of H2O using a photon energy of
616 eV and presenting the intensity on a logarithmic scale, it
shows a ≈10−2 ratio of the peaks corresponding to K−1 V0−1V and
K−1 states. The energy is given relative to the binding energy of
the O 1s main line. We have illustrated the representative orbitals
involved in path A and B, respectively; see also the Supplemental
Material [14].
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The calculated electron emission map [Fig. 2(b)], combin-
ing the calculated Auger electron spectra using the electronic
structure toolkit XMOLECULE [37,38] and the photoionization
shake-up and photoexcitation probabilities, reproduces all the
observed features on theexperimental 2Dmap.Further details
of both calculations can be found in this work and the
SupplementalMaterial [14], enabling a detailed interpretation
of these features. The structures observed between photon
energies of 610–630 eVand electron kinetic energies of 530–
575 eV are attributed to the HS Auger decays of the DCH
states generated via pathway A. The resonant islands
(hν ¼ 616–626 eV) correspond to the K−2V configurations.
The clear dependence on photon energy indicates the selec-
tive excitation of the DCH states, starting with K−2V and
progressing to the K−2 configuration at higher photon
energies. These assignments are in excellent agreement with
the HS Auger spectrum, which was experimentally and
theoretically investigated using a synchrotron radiation
source [39]. With the accessible photon intensity at the
synchrotron radiation source, the DCH states are formed
only through nonselective one-photon processes.
The black triangles in Fig. 2(c) represent the experi-

mental sequential two-photon photoabsorption spectrum

in the energy region expected to be dominated by
two-photon photoabsorption following path A, i.e., g:s: →
K−1 → K−2V. It was obtained by integrating the 2D map
along the kinetic-energy axis as explained in the
Supplemental Material [14]. We also show the O K−2V
photoelectron spectrum of water measured at hν ¼ 2.3 keV
(brown dots) which is taken from literature [36]. For
comparison, the photoelectron spectrum is shifted to lower
energies by 539.8 eV [34], i.e., by theO 1s binding energy of
H2O, to account for the different initial states of the two
experimental spectra. Finally, the red and green lines
indicate the calculated spectrum of the photoelectron satel-
lites. A comparison of the experimental spectra shows that
the main peak at ≈616 eV, which is assigned to the states
1s−24a1 and 1s−22b2, is clearly blueshifted in the two-
photon spectrum (black triangles) as compared to the one-
photon photoelectron spectrum (brown dots). This finding
can be explained by the fact that in the present two-photon
spectrum the transition to the state 1s−22b2 has a higher
relative intensity than in the one-photon spectrum; see also
our calculations presented in Fig. 3. This is due to the fact
that the direct (monopolar) 1s−24a1 channel, present in the
one-photon spectrum, is quenched during the two-photon

FIG. 2. (a) 2D map for water formed by the electron kinetic-energy spectra as a function of photon energy. The structures above
hν ¼ 610 eV are due to the HS decays of the K−2V states produced via pathway A. The island at hν ≈ 616 eV corresponds to
excitations to the states 1s−24a1 and 1s−22b2; compare (c). The clear dependence of the HS Auger transitions on the photon energy
indicates a selective excitation of the DCH states, which ends by reaching the K−2 double ionization threshold at hν ¼ 631.2 eV. Below
hν ≈ 610 eV three more islands are visible and assigned to excitations via pathway B. Note that the island at the lowest photon energies
(600 eV) overlaps with the inner-valence line. (b) Calculated electron emission map combining the calculated Auger electron spectra
and the photoionization shake-up and photoexcitation probabilities. The black lines show the valence photoelectron lines considering
the valence binding energies of 12.60 and 32.62 eV [35]. (c) The experimental sequential two-photon photoabsorption spectrum
produced via pathway A (black triangles) in comparison with the photoelectron shake-up spectrum measured at 2.3 keV (brown dots)
[36], which is shifted by the O 1s binding energy of 539.8 eV to lower energies. The theoretical results from Ref. [36] simulating the
shake-up processes to the K−2V states are also shown.
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process leaving only the dipolar (or equivalently conjugate)
path available. Consequently, the dipolar contribution of
1s−22b2 exceeds that of 1s−24a1, as reported in [40].
The structures observed at lower photon energies hν <

610 eV are created following path B, i.e., starting from a
satellite state created in the first ionization step. The leftmost
structure (around 600 eV) is superimposed to the valence
line. An easy way to identify these structures is to use the
corresponding HS Auger transitions, which are also
observed on pathway A. This can be justified by the fact
that the intermediate states (K−2V or K−2) formed on either
path A or B are largely identical, despite a possible small
difference due to nuclear dynamics occurring during
the lifetime of the intermediate state. Consequently, the
island at hν ¼ 600 eV can be assigned mainly to the decay
of the K−2V states 1s−2a1 and 1s−2 2b2. The island at
hν ¼ 603 eV can be assigned to the decay of the dicationic
K−2 state. For the third island at hν ¼ 606 eV, the situation
becomes more complicated since there is no counterpart
in the excitation region via path A. Our calculations allow
us to presumably attribute this island to the Auger decay of
K−2V0−1V states.
Despite the low relative cross section of the shake-up

satellite compared to the O 1s main line (about 10−2) [34],
the intensities of the HS Auger electron spectra obtained
via either path A or B are almost the same as it can be seen
by comparing the intensities (colors) on the 2D map
(Fig. 2). As shown in our calculations, these similar
intensities are explained by a high cross section for the
first step (direct ionization) and a low cross section for the
second step (excitation to an unoccupied orbital) of path A
as well as the opposite behavior for path B with a low cross
section for the shake-up process in the first step and a much
higher cross section for the second step.

The calculations are based on the generalization
of nonorthogonal transition amplitudes (NOTA) with con-
figuration interaction using perturbative selection made
iteratively (CIPSI) wave functions, referred to as NOTAþ
CIPSI [41]. The method and the intermediate results are
presented in the Supplemental Material [14]. These calcu-
lations show that the second step is largely dominated by
transitions belonging to pathway B, while the probability of
formation of intermediate K−1V0−1V states is much lower
than for the K−1 state in the first step. Nuclear dynamics
during the sequential core-ionization processes and the
subsequent Auger decays are not considered in the calcu-
lations. They may have significant impact on the resulting
Auger spectrum, but for the identification of the respective
structures these details can be neglected.
The total intensities of all sequential two-photon tran-

sitions are shown in Fig. 3. Considering the sequential
process in its entirety, the relative intensity of both pathway
A and pathway B turns out to be of the same order of
magnitude, with the intensity of pathway A being slightly
higher. To compare our theoretical results with the exci-
tation spectra for pathways A and B extracted from the 2D
map, the line spectrum shown in Fig. 3 was convoluted with
a Lorentzian function of 0.44 eV FWHM to account for the
O 1s−2 lifetime [42] and a Gaussian function of 7.0 eV
FWHM to simulate the experimental photon-energy reso-
lution. The resulting spectra for pathways A and B are
shown as gray line in Fig. 3. The subspectra show the
contributions of transitions to K−2V final states with A1,
B1, and B2 symmetry.
The excellent agreement between the theoretical and

experimental spectra allows us to unambiguously identify
the origin of the experimentally observed absorption signal
in the photon-energy range of 615–645 eV and the

FIG. 3. Right axis: total intensities and excitation energies for all transitions to K−2V states computed with the NOTAþ CIPSI
strategy. The different vertical colored lines indicate the three final-state symmetries A1, B1, and B2 for both pathway A and B. Left axis:
experimental partial electron yield (black triangles) and theoretical photoabsorption (gray line) spectra for the sequential two-
photon process via pathway A and B. The different colors indicate the contribution of transitions to K−2V states with A1, B1, and B2

symmetry.
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resonance at about 600 eV. The spectral features at higher
photon energies are assigned in large majority to the
transitions involving the K−1 ground state as the inter-
mediate state in the two-photon sequential process. The
features at lower photon energies are a clear signature of
transitions involving K−1 V0−1V excited shake-up states.
One can also observe that this pathway yields a small but
non-negligible signal in the higher photon-energy region,
which is dominated by the pathway A. This small intensity
in pathway B is mainly due to the large number of
transitions with small intensities. We note that for pathway
B, for the photon energy of 606 eV, contributions in the
calculated data are significantly lower. We suspect that
these are due to multiple shake-up transitions that have not
been considered in our theoretical analysis.
A K−2 state can be produced resonantly in the same way

as for the pathway B but with the difference that the
photoionization of the first core electron is accompanied by
a shakeoff (instead of a shake-up) of a valence electron.
There is also a pathway involving the absorption of three
photons: ionization of one valence electron, ionization of
the first core electron, and subsequent excitation of the
second core electron either into the valence orbital, just
emptied by the valence ionization, to produce K−2 states
or into a higher vacant orbital to produce K−2V0−1V001

states: V0−1 → K−1V0−1 → K−2 or K−2V0−1V00, with
V0 ¼ 3a1; 1b1; 1b2 and V00 ¼ 4a1; 5a1; 2b1; 2b2. A similar
valence-ionization core-excitation scheme has been
observed for SCH excitations [43,44].
The K−2V0−1V states can be populated either by

the three-photon absorption process previously mentioned
or by two-photon absorption with a double shake
process (shake-up and shakeoff), with up to 30% of the
total shake probability [45], followed by photoexcitation
(K−1V−1V0−1V00 → K−2V0−1V00 or K−2V−1V00 with V00 ¼
4a1; 5a1; 2b1; 2b2). It is worth noting that the K−2V states
cannot be produced following this three-photon process
with one-color photon beam, as it involves passing through
two distinct excitation transitions.
In summary, we have studied experimentally and theo-

retically the formation of K−2V states in isolated water
molecules by the sequential absorption of two x-ray pho-
tons. The present study reveals a second important pathway
for the population of DCH states, which has comparable
probability but occurs at a lower photon energy as compared
to the pathway (A) K−1 → K−2V. In this pathway, the first
step of core ionization is accompanied by the shake-up of a
valence electron. This is followed by the promotion of the
second core electron into the newly vacant orbital
(K−1V0−1V → K−2V). While the cross section for the first
step of this pathway is small, the increased overlap of the
valence holewith the core electron leads to a drastic increase
in the cross section for the second step. Identifying these two
distinct pathways to the same final states is nontrivial, and it
was made possible by exploiting simultaneously the main

characteristics of the x-ray source, namely its high intensity,
delivery of very short pulses, and full tunability.
We believe that the role played by the shake-up proc-

esses, which may be intuitively underestimated, is impor-
tant in the resonant selective production of DCH states. The
revealed alternative pathway holds great importance in
enhancing our understanding of the absorption of multiple
photons in the interaction between light and matter,
especially under extreme conditions. Furthermore, the
general aspect of shake-up processes implies that the
alternative pathway should be taken into account not only
in gas but also in liquid and solid phases.

The experimental data were collected during user beam
time 2620. The metadata are available at [46].
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