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Understanding the interaction of intense, femtosecond X-ray pulses with
heavy atoms is crucial for gaining insights into the structure and dynamics of
matter. One key aspect of nonlinear light-matter interaction was, so far, not
studied systematically at free-electron lasers—its dependence on the photon
energy. Here, we use resonant ion spectroscopy to map out the transient
electronic structures occurring during the complex charge-up pathways of
xenon. Massively hollow atoms featuring up to six simultaneous core holes
determine the spectra at specific photon energies and charge states. We also
illustrate how different X-ray pulse parameters, which are usually intertwined,
can be partially disentangled. The extraction of resonance spectra is facilitated

by the possibility of working with a constant number of photons per X-ray
pulse at all photon energies and the fact that the ion yields become inde-
pendent of the peak fluence beyond a saturation point. Our study lays the
groundwork for spectroscopic investigations of transient atomic species in
exotic, multiple-core-hole states that have not been explored previously.

Extreme ultraviolet (XUV) and X-ray free-electron lasers (FELs) provide
very intense pulses (10" photons per pulse) with ultrashort pulse
durations (a few tens of femtoseconds) that enable the absorption of
more than one photon per atom or molecule!. Such multiphoton
interaction is a process of fundamental scientific interest because it
enables studying the creation of (transient) ionic states of matter on
timescales that were hitherto not accessible. In the X-ray regime,
multiphoton inner-shell ionisation is dominated by sequential
ionisation*, while direct processes can become significant in the
XUV regime®”. This extreme regime of nonlinear photon-matter
interaction is important for various applications, such as single-
particle imaging of biological macromolecules®™, Coulomb explosion
imaging>", the production of warm dense matter'*, and the forma-
tion and control of plasmas in clusters or nanoparticles” .

Far above inner-shell binding energies of a given atom and in the
absence of saturation of the ionisation process, the yield of an ion
charge state is proportional to /", with / being the X-ray intensity
(=number of photons per unit area and per unit time) and n the
average number of absorbed photons required to reach a given charge
state*. In contrast to multiphoton or tunnel ionisation using optical
and infrared laser pulses’, the pulse duration was found to have a
comparatively minor impact on the ion charge-state distributions in
the X-ray regime®*, except for charge states created predominantly via
double-core-hole states>'**°. The X-ray fluence (= number of photons
per unit area) was thus established as the most influential parameter
for the resulting charge-state distributions. When the fluence becomes
extremely high, the ion yields start to deviate from /", showing
saturation. This saturation effect for ionisation is well known in the
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optical strong-field regime'®”?, and similar effects have previously

been observed in FEL experiments performed in the XUV** and
X-ray**" regimes. However, to the best of our knowledge, the feature
of saturation has not been exploited in high-intensity FEL applications
yet. Here, we demonstrate how the deep saturation regime, in com-
bination with a free tunability of the photon energy, facilitates ultra-
high-intensity (transient) X-ray spectroscopy.

The photon-energy dependence of X-ray multiphoton absorption
could, so far, only be investigated at very few selected photon energies
due to the fixed-gap undulators used at previous FEL facilities and the
corresponding need to completely re-tune the FEL at each photon
energy. In contrast, several X-ray spectroscopy techniques are well-
established in the single-photon absorption regime at synchrotron
facilities, where wide-range energy scans are routinely performed®.
While the photon-energy dependence was generally expected to map
the decreasing photoabsorption cross section for increasing photon
energy (far above any ionisation edges), the opposite trend has been
reported for very high X-ray intensities®®, and transient resonances
during charge-up® can lead to charge states significantly higher than
expected at certain photon energies*****~*, Transient resonances have
recently been found to influence molecular multiphoton ionisation®
and to dramatically enhance scattering cross sections in X-ray diffrac-
tion imaging®, but they can also cause increased radiation damage.
These observations illustrate the complex interplay between imaging
and transient electronic structure, as well as the necessity for a careful
choice of all X-ray pulse parameters. Isolating the influence of individual
parameters on the experimental results can be difficult, and volume
integration® is usually required to make a quantitative comparison
between theory and experiment. The need for taking into account a
fluence distribution in the interaction volume often limits the degree of
information that can be obtained in nonlinear experiments at high
intensity because observables are usually governed by contributions
from the lower intensity. Here, we demonstrate how this can largely be
circumvented by exploiting saturation at very high fluences.

We present a joint theoretical and experimental study that sheds
new light on the fundamental interaction of ultraintense soft-X-ray
pulses with isolated atoms. The exceptionally high soft-X-ray pulse
energies and the variable-gap undulators available at the Small Quan-
tum Systems (SQS) instrument of the European X-ray Free-Electron
Laser*® facilitate the extraction of resonance spectra for all charge
states up to aluminium-like xenon (Xe*") in the photon-energy range
between 700 and 1700 eV. In certain photon-energy regions, the rich
structures in the resonance spectra result from the dominance of
previously postulated massively hollow atoms® created by multiple
inner-shell photoabsorptions. Specifically, atoms featuring up to six
simultaneous core holes are identified in the resonance spectra. There
are a few experimental examples of double-core-hole electron spec-
troscopy for atoms?® and molecules®**, but multiple-core-hole states
have, to our knowledge, only been discussed in theory so far®”#0-42,

Results

Photon-energy-dependent charge-state distributions

Figure 1 shows measured (a) and calculated (b) xenon charge-state
distributions (CSDs) between 700 and 1700 eV in steps of 25 eV. This
photon-energy range covers the ground-state orbital binding energies
of the 3s,3p, and 3d subshells of xenon. Charge states between Xe**
and Xe®" result from single-photon absorption*. Furthermore, rich
structures with several local maxima at significantly higher charge
states are visible in both the experimental and calculated CSDs, which
shift towards higher charge states as the photon energy increases.
During the X-ray pulse, xenon atoms charge up in a sequence of one-
photon absorptions and relaxation events, particularly Auger-Meitner
decay cascades. Generation of the highest observed charge state,
Xe*™ at 1325 eV, requires absorption of more than 30 photons (see
Supplementary Fig. S1).

In the sequential direct one-photon ionisation limit?**"*, shown

by the dashed white line in Fig. 1b, the highest charge state g is
determined by the last ionic state g -1 that can be ionised with one
photon from its electronic ground state. However, charge states sig-
nificantly beyond this limit are observed in the CSDs. At specific pho-
ton energies and charge states, the increasing electron binding
energies during the charge-up drive certain transitions between inner-
shell and valence or Rydberg orbitals into resonance, thus leading to
resonance-enabled or resonance-enhanced X-ray multiple ionisation
(REXMI)**%,

The characteristic ion-yield maxima in Fig. 1, which shift as a
function of photon energy, are a manifestation of the highly transient
resonances. Relevant transition energies of the ground-state electronic
configurations of charge state g -1 are indicated by coloured markers
in both panels of Fig. 1. Changes in the slopes are related to the elec-
tronic configurations: The O shell becomes empty at Xe®", the N shell at
Xe?*, and the 3d subshell at Xe***. In principle, accessible resonant
excitations from the 3p and 3d subshells can be expected to lead to an
increased yield of certain charge states at given photon energies.
However, while the ion yield maxima in Fig. 1 do indeed follow the
general trend of the resonant transitions, it will become clear in the
following that a correct assignment of the resonances requires con-
sidering the complicated multiple ionisation dynamics during the FEL
pulse in detail.

To this end, we performed ab initio ionisation dynamics calcula-
tions using the XATOM toolkit***. We take into account volume
integration in the calculations® (see Supplementary Discussion S1)
because experimental ion spectra are always subject to a fluence dis-
tribution determined by the focused X-ray beam shape. As shown
in Fig. 1b, the theoretical CSDs reproduce the overall features of
the experimental ion-yield maxima well. However, there are some
noticeable differences. The experimental CSDs show a marked void
between the two ion-yield branches around 800-1000 eV, which is less
pronounced in the theoretical CSDs, and a small shift of-25eV
between experiment and theory, best seen between 700-800 eV. We
attribute this to the finite accuracy of the electronic structure method
used in XATOM (see Supplementary Table S1 for details). Moreover,
the highest charge states observed in the experiment, around
1000-1400 eV, are missing in Fig. 1b. As a consequence, the ion yield
piles up for the intermediate charge states (Xe”' to Xe**), thus
enhancing structures related to the 3d — 6f excitation. We will see in
the next subsection that the highest charge states can be reproduced
by increasing the peak fluence in the calculation beyond the calibrated
peak fluence (see Supplementary Fig. S2). On the other hand, the
theoretical CSDs show a structure around Xe** to Xe?** at 700-800 eV,
which is absent in the experimental data. This can be attributed to a
reduced peak fluence at these photon energies in the experiment [see
Fig. 2c and the corresponding text].

Resonance structures and peak-fluence dependence
Figure 2a-d show experimental (black and grey dashed lines) and
theoretical (coloured lines) ion yields as a function of photon energy
for four exemplary charge states, corresponding to lineouts of Fig. 1.
These spectra display rich resonance structures which are absent in
neutral xenon atoms®® or are energetically inaccessible for low charge
states. The most complex features are observed for the “intermediate”
charge states, such as Xe?" [Fig. 2c]. The overall trends, particularly the
positions of minima and maxima, are well reproduced by theory. A
small shift, ~ 25 eV, of the theoretical ion-yield maxima towards higher
photon energies with respect to the experiment [best seen in Fig. 2a]
is caused by inaccuracies in the transition energy calculation (see
Supplementary Table S1). Deviations between theory and experiment
(e.g., for peaks F and K-N) will be discussed below.

Aside from the emergence of the resonance structures, one
intriguing observation in Fig. 2 is the influence of varying the peak
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Fig. 1| Experimental (a) and calculated (b) xenon charge-state distributions as a
function of photon energy. Coloured markers show selected resonant transition
energies in the ground-state configuration of each charge state g-1. (9.3 + 0.2) x 10*
photons per pulse on target were used in a. The theoretical results in b were
volume-integrated® with a peak fluence of 1.2 x 10'? photons/um? The white

dashed line in b indicates the sequential direct one-photon ionisation limit (see
text). The ion yields are normalised to the sum of all detected (calculated) ion yields
for all photon energies in the experimental (theoretical) data set. The discontinuity
at1200 eV in ais due to a change in the beamline optics (see Methods). The colour
scale in a also applies to b.

fluence. Two experimental data sets at 50% (grey) and 100% (black)
X-ray transmission are plotted. The peak fluence is generally assumed
to be decisive for the resulting charge states in X-ray multiphoton
ionisation. Indeed, for the high charge states, e.g., Xe*”" [Fig. 2d], the
ion yield increases nonlinearly for higher peak fluences. However, a
different behaviour is observed for lower charge states. The resonance
spectrum for Xe™" [Fig. 2a] is completely insensitive to the peak fluence
in both experiment and theory within the chosen fluence range. For
Xe™ and Xe®* [Fig. 2b, c], the spectra are identical for the higher
photon energies but start to show variations as a function of fluence
for low photon energies. Most noticeable is a strongly fluence-
dependent peak F around 725eV in the calculations. Its absence in
the experimental data is consistent with a peak fluence of approxi-
mately 0.3 x10™ photons/um? at this photon energy, matching our

fluence calibration [see Supplementary Fig. S3b]. Only peak G, which
shows a weak sensitivity to the peak fluence in theory (in the chosen
fluence range), is visible in the experimental data.

The peak-fluence dependence of peaks F, G, and K-N, in contrast
to all other peaks, is attributed to a different ionisation mechanism.
Further analysis of the theoretical data reveals that the number of
photoionisation events exceeds the number of autoionisation events
for these peaks, while Auger-Meitner-type autoionisation is the domi-
nant mechanism to reach the final charge state for all other peaks (see
Supplementary Fig. S4). In case a resonant excitation occurs in the
outermost shell (for instance, peaks F and L, see Supplementary
Fig. S5), only a few higher-lying (excited) electrons are available for
relaxation, making autoionisation less likely. Peaks F, G, and K-N are
the resonance structures corresponding to the highest charge states
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Fig. 2 | Experimental and theoretical resonance spectra for four exemplary
charge states of xenon. The experimental data for 1 x 10" photons per pulse
(black circles) in each panel correspond to horizontal lineouts of Fig. 1a. A second
data set recorded at 50% X-ray transmission is also presented (grey open circles).
a-d Volume-integrated calculations for different peak fluences (photons/pum?) in
different colours. They are identical in some cases, such that only one or a few lines
are visible. Peaks are labelled A to N for further analysis in the main text and
Supplementary Discussion S2. e-h Calculations without volume integration. Fixed

Photon energy (eV)

fluences (indicated in the legends) are chosen as an average of fluences that max-
imise the respective ion yield for a given range of photon energies. In these panels, a
smaller step size of 5 eV is used in theory, and the theoretical data are normalised
such that the sum of their ion yields equals the sum of the experimental ion yields in
a respective panel. Theoretical error bars indicate the statistical uncertainty. The
error bars of the experimental data include systematic and statistical errors (see
Methods).
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Fig. 3 | (Peak-)fluence dependence of the ion yields of Xe at 1325 eV. a lon yields
of Xe as a function of peak fluence. Theoretical ion yields are volume-integrated
with a single (solid lines) or double (dashed lines) Gaussian spatial profile (see
Supplementary Discussion S1 for details). Error bars of the experimental data
include systematic and statistical errors (see Methods). The theoretical ion yields

(both single and double Gaussian cases) are scaled to the experimental asymptotic
values. The respective factors as specified next to the curves, with +10 being the
reference. b Computed Xe ion yields as a function of fluence without volume
integration. ¢ Fluence distribution function in the X-ray focus for different peak
fluences, assuming a single Gaussian spatial profile.

populated at the respective photon energy (see also Fig. 1). Those
peaks have, therefore, not yet reached saturation and are thus sensitive
to the X-ray fluence.

Figure 2a-d demonstrate that, beyond a certain saturation point,
the overall resonance spectra for individual charge states are indepen-
dent of the peak fluence used in volume integration. This means that
volume integration is not necessary to capture essential features of the
data. To further demonstrate this, we plot the corresponding resonance
spectra calculated without volume integration in Fig. 2e-h. In view of
this drastic simplification, the agreement of the calculated charge-state-
specific resonance spectra with the experiment is still surprisingly good,
illustrating that each charge state selects its own local fluence.

To further investigate the observed peak-fluence (in-)dependence
of the resonance spectra, we plot the ion yields of several charge states
of xenon at 1325 eV photon energy as a function of peak fluence in
Fig. 3a. Experimental and theoretical ion yields (after volume integra-
tion) increase nonlinearly for lower peak fluences but become flat
beyond a certain saturation peak fluence. The onset of this saturation
starts later for higher charge states and is not yet reached for Xe*®*. We
have multiplied the theoretical ion yields by individual factors (speci-
fied for each curve) to match the experimental data at the highest peak
fluence because the absolute ion yields of intermediate charge states,
such as Xe**, are overestimated, while high charge states such as Xe*°*
are underestimated. The latter is also reflected in Fig. 2d, where a peak
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fluence higher than the calibrated value is required to reproduce the
experimental data of Xe*". Moreover, there are some inconsistencies
in the saturation points with respect to the calibrated peak fluence. For
instance, for peak C in Fig. 2b, the experimental data (100% and 50%)
are almost the same (saturated), but the theoretical results at the
calibrated values (corresponding to 0.4 x10%photons/um? and
0.2 x10" photons/um?) do not exhibit saturation. These points sug-
gest that a careful validation of the atomic data employed in our cal-
culation is required, especially for multiply excited ions in the soft-X-
ray regime. The discrepancies between theory and experiment might
be due to higher-order many-body processes'®*, the chaoticity of
self-amplified spontaneous emission (SASE) pulses*®, and coherence
effects?®***°, which are not included in the model. The resonance
positions are expected to profit from improved electronic structure
theory®, which affects resonant ionisation dynamics®.

Without volume integration, as shown in Fig. 3b, we obtain the
yield of a specific ion charge state as a function of fluence. This illus-
trates that every charge state is only generated in a relatively narrow
fluence range [f, f>], which corresponds to a narrow radial range [r,, r1]
in a focused X-ray beam. For higher fluences, charge states are
depleted because they become further ionised. Figure 3¢ shows a
fluence distribution function for different peak fluences (different
numbers of photons per pulse), assuming a fixed single Gaussian
spatial profile. It becomes clear that an increase of the peak fluence
does not change the abundance of lower fluences. The area [=m(r? —
r3)] covering the fluence range [f;, f2] in which a given charge state is
generated remains constant when the number of photons per pulse
increases®*, but the radii ry, r, change depending on the peak fluence
Fo: r;i=A\/(In{Fy/f;})/(4In2), where A indicates the focal size (full
width at half maximum, FWHM). In combination, Fig. 3b, c explain why
the volume-integrated ion yields in Fig. 3a become constant. Excep-
tions are high charge states, for example, Xe***, which are generated
near the centre of the X-ray focus. The area in which they get created
still increases when increasing the number of photons per pulse. Those
charge states are not yet depleted in Fig. 3b, and saturation is not yet
reached in Fig. 3a for the maximum peak fluence available in the
experiment. An onset of saturation has also been observed in previous
multiphoton absorption studies in the soft?** and hard®® X-ray
regimes, but the peak fluence in those experiments was insufficient
to reach a constant ion yield for many charge states.

In summary, this demonstrates that the resonance spectra in Fig. 2
are independent of the X-ray fluence and the focal beam shape as soon
as the saturation regime is reached. This avoids the necessity of

volume integration in the calculations and makes multiphoton spec-
troscopy with ultraintense X-rays robust and insensitive, for example,
to possible small variations of the X-ray focus size at different photon
energies due to different beam divergence, and facilitates the unam-
biguous extraction of resonance features. The peak-fluence indepen-
dence is a generic feature caused by the volume integration, and thus
emerges for every sample and is independent of the target density
used in the experiment. The results would be the same if only a single
atom per pulse was located in the X-ray focal area.

Resonance assignment and multiple-core-hole analysis

The peaks in the resonance spectra, such as those labelled A-N in
Fig. 2, contain a plethora of information about the electronic structure
and transient resonances. Based on the charge-state-dependent tran-
sition energies of certain ground-state resonances of charge state g -1
(coloured markers in Fig. 1), we can tentatively assign peaks A and B in
Xe® in Fig. 2a to the 3d — 4f and 3d — 5f transitions in Xe'*,
respectively. However, this approach fails for the peaks in Xe*" in
Fig. 2c—the ion yield maxima do not match any ground-state M-shell
transition energies of Xe?** (see Supplementary Table S2). The photon
energy at which a given peak in the resonance spectra occurs does not
only depend on the charge state, but also on the number of core holes
and the specific electron configuration, as illustrated in Supplementary
Fig. Sé6. In the following, we illustrate how the correct assignment for
Xe*" can be carried out.

In our calculations, X-ray multiphoton ionisation dynamics are
described by a statistical ensemble of Monte Carlo trajectories in
electronic configuration space****. First, we collected the calculated
Monte Carlo trajectories ending with the given charge state for a fixed
fluence, where the respective ion yield is maximised. In each trajectory,
multiple resonant excitations can take place. The decisive transition
for the structures in the resonance spectra of the final charge state is
the last one. Therefore, we classified the Monte Carlo trajectories
through electronic configuration space according to the last resonant
transition, and the peak is then identified as the most probable
excitation.

In Fig. 4, we illustrate the trajectory analysis for peak J as an
example (see Supplementary Table S3 and Supplementary Discus-
sion S2 for other peaks). At a fixed photon energy of 1250 eV, Fig. 4a
shows a normalised histogram of the precursor charge states at which
the last resonant excitation resulting in a final charge state of Xe**
occurs. The histogram shows a wide distribution of precursor charge
states, demonstrating that the last resonant excitation almost never
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happens at charge state Xe**", but can take place at charge states as low

as Xe'. For this reason, an assignment of the resonance peaks is
impossible without investigating the entire ionisation pathway with
the help of ionisation dynamics calculations. After identifying the
dominant transition, we find that the 3d — 6f transition causes the
appearance of peak J.

Furthermore, the analysis of trajectories allows us to retrieve
transient core-hole states which are populated during the charge-up. In
Fig. 4a, colours indicate the number of core holes in the M shell at the
time of the last resonant excitation. Triple core holes are the dominant
contribution, and up to quintuple core holes are detected. The last
excitation creates one additional M-shell hole, i.e., sextuple core holes
are present after the last excitation. Each core hole predominantly
relaxes via Auger-Meitner decay, increasing the charge state by one.
Therefore, lower precursor charge states exhibit the highest number
of core holes; for example, four or five core holes at Xe'**, which needs
to gain nine more charges in order to be detected with a final charge
state of +25. Excitations without core holes do not exist—peak ] is
exclusively produced by multiple-core-hole states. This is an impress-
ive demonstration of the complexity of the transient electronic
structure emerging upon the interaction of matter with ultraintense
X-ray pulses.

Figure 4b shows one exemplary ionisation pathway among the
Monte Carlo trajectories corresponding to peak J. It illustrates how 10
photoionisations, 4 resonant excitations, 15 Auger-Meitner decays, and
3 fluorescence decays lead to the final charge state Xe**. The blue area
indicates the time evolution of the number of M-shell core holes,
reaching a maximum of 6. All individual electron configurations and
their lifetimes involved in this specific ionisation pathway are listed in
Supplementary Table S4. Six core holes are formed at the peak of the
X-ray pulse at Xe"”* and Xe'®"; their lifetimes are 0.75fs and 0.80fs,
respectively. As the charge state increases, Auger-Meitner-type ioni-
sation channels become unfavourable and their lifetime becomes
longer because only a few valence electrons remain. In the Monte Carlo
trajectory shown, the quadruple-core-hole state (3(13_/223d§/22 from Xe***
to Xe™) survives until 12 fs and the triple-core-hole state (3d; ,3dj ), at
Xe?*") lasts until 600 fs. The last autoionisation takes place at 600 fs
and the remaining M-shell core holes are filled up via subsequent
fluorescence events. The lifetimes of atomic species created via a
sequence of core ionisation and excitation events vary by several
orders of magnitude, depending on the charge state and the number
of core holes. Thus, the multiple-core-hole resonance spectroscopy
demonstrated in this work provides unique opportunities to examine
exotic species with a wide range of lifetimes.

Discussion

We have presented a type of resonance spectroscopy using ultra-
intense femtosecond X-ray radiation. Stable operation of the free-
electron laser over an energy range from 700 to 1700 eV, in combi-
nation with advanced photon diagnostics and fast attenuation allowed
us to maintain a constant number of photons per pulse on target
during the scan. The resulting multiphoton resonance spectra unveil a
wealth of structures, which can be assigned with the help of state-of-
the-art theoretical calculations. We demonstrate that the resonance
spectra become insensitive to the peak fluence above a certain
saturation peak fluence, which allows isolating the effects of X-ray
beam parameters that are otherwise intertwined with the dominant
fluence dependence. In our case, this facilitates the characterisation of
the transient resonant excitations during the charge-up, even without
volume integration in calculations.

Transient multiple-core-hole states are found to be crucial for
explaining the peaks in the resonance spectra, and some peaks are
even exclusively formed via two or more core holes. This paves the way
for multiple-core-hole (resonance) spectroscopy with ultraintense and
ultrashort XFEL pulses. We demonstrate that extremely short-lived, as

well as unusually long-lived, highly charged ions in exotic electronic
configurations can be created and probed simultaneously through
interaction with intense soft-X-ray pulses. Such unusual atomic species
may also be formed via collisions in outer space***¢, which could be
potential candidates for unidentified X-ray emission lines in
astrophysics®”%.

In principle, electron spectroscopy can provide additional infor-
mation on the transient multiple-core-hole states. However, in prac-
tice, the interpretation would be hampered by many overlapping
emission lines. Furthermore, at such high degrees of ionisation (up to
41 electrons emitted from a single atom), Coulomb interaction among
the ejected electrons would inevitably broaden the emission lines. lon
spectroscopy is therefore advantageous for investigating multiphoton
multiple ionisation dynamics at ultraintense X-ray fluences. High-
resolution fluorescence measurements, while only representing a
minority of all involved electronic transitions, will provide valuable
complementary information to further benchmark theory in the
future. Seeding®*® and two-colour schemes® may be exploited to
systematically study the evolution of transient resonances both in the
spectral and temporal domains. Furthermore, upcoming possibilities
of tuning the pulse duration in addition to the photon energy will
enable more detailed insights into transient electronic structure.

Methods

Experiment

The experiment was carried out at the SQS scientific instrument at the
European XFEL*. Isolated xenon atoms were irradiated with ultra-
intense, femtosecond soft-X-ray pulses. Xenon gas was introduced into
the Atomic-like Quantum Systems (AQS) experimental station through
an effusive needle at an ambient pressure of around 3 x 10~ mbar. The
ions resulting from the interaction with the X-ray pulses were recorded
by a high-resolution ion time-of-flight (TOF) spectrometer®” and fast
analogue-to-digital converters with a resolution of 0.25 ns.

The photon energy was scanned over a range of 1keV
(700-1700 eV) in 25 eV steps while maintaining a constant high num-
ber of photons per pulse (0.5 or 1 x 10") throughout the scan. This was
facilitated by (i) the tunable variable-gap SASE3 undulators®, (ii)
the high energies per pulse (2.3-6.4 mJ), and (iii) a fast-responding,
15-metre-long gas attenuator filled with nitrogen gas®*. The attenuator
was adjusted for every photon energy to compensate for the change
in initial pulse energy and used to perform fluence scans over
more than two orders of magnitude at fixed photon energies. An
additional gas monitor detector®® was installed downstream of the
interaction chamber for this experiment, to characterise the number
of photons on target in parallel, as described in Ref. 66. Peak
fluences > 1 x 10 photons/pm? were achieved due to the few-micron
focus created by the SQS focusing optics®’ (see also Supplemen-
tary Fig. S3).

The calculated upper limit of the X-ray pulse duration was 25 fs
based on the electron bunch charge of 250 pC in the accelerator. To
date, no direct measurement of the X-ray pulse duration has been
carried out at the European XFEL, but indirect measurements suggest
that the pulse duration can be approximately 10 fs°, The European
XFEL operated at a 10 Hz repetition rate, at which it provided bursts of
electron pulses with an inter-pulse frequency of 2.25 MHz. We used
every 32nd of these pulses to produce photons. The X-ray pulses thus
had a spacing of 14.2 ps, chosen to avoid overlapping ion spectra.
Overall, we received 250-350 X-ray pulses per second. The bandwidth
was measured with a grating spectrometer in advance of the experi-
ment and was 1-2% for all photon energies.

Data analysis

In order to obtain quantitative charge-state distributions (CSDs), sev-
eral analysis steps were carried out. Single-shot ion traces were
obtained by cutting the recorded traces in 14.2 ps segments—the time
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interval between FEL pulses in the burst. Subsequently, we applied a
filter to only analyse FEL shots with pulse energies within one standard
deviation of the average pulse-energy distribution of the pulse train.
For each analysis step, a systematic error estimate is carried out, as
detailed in the following. The statistical error is extracted by splitting
the data set at each photon energy and peak fluence bin into four
subsets and evaluating the deviation between the CSDs of the four
subsets.

Isotope deconvolution. Up to Xe™*, all seven stable isotopes of xenon
were resolved without superimposing isotopes of higher charge states
in the TOF spectrum. For charge states higher than Xe®™", some peaks of
higher mass and higher charge, m;/g;, start overlapping with those of
lower mass and lower charge, m;_1/q;;. We, therefore, applied a
deconvolution algorithm to extract the ion yields of all charge states,
using the known isotope distribution as an input. We use the con-
volution theorem by inverse Fourier transformation of the Fourier-
transformed TOF signal (S) divided by the Fourier-transformed isotope
structure (R) extracted from the averaged TOF signal. Sand Rareon a
logarithmic scale before the Fourier transformation is applied, making
the isotope peaks equidistant for all charge states within the isotope
structure. Otherwise, the distances would scale with the inverse of the
charge state g and the deconvolution algorithm could not be applied.
The algorithm’s error is estimated using the difference between the
input and output of the deconvolution procedure on a simulated
xenon TOF spectrum.

Charge-state-dependent detector efficiency. The per-shot ion
counts (=90) were too high to safely neglect double counts in the
same mass-over-charge peak. Thus, we did not attempt to convert the
raw data to individual ion counts, e.g., via software constant fraction
discrimination, but instead applied a charge-state-dependent correc-
tion factor to the ion yield of each charge state, accounting for the
increase in average microchannel-plate (MCP) signal height for higher
charge states®*’°. This correction factor’ was obtained by recording a
separate calibration data set at significantly reduced gas pressure, for
which constant fraction discrimination could be applied, and extract-
ing the peak pulse height of the pulse-height distribution for each
charge state. The error of the correction is estimated by the difference
between the counted spectra and the corrected spectra of the cali-
bration data set.

Background subtraction. Background signal from ionisation of resi-
dual gas mainly consists of oxygen ions from water. By evaluating the
pulse-height distribution of xenon isotope 132 in counting mode, the
oxygen contribution can be estimated through its distinctly lower MCP
pulse heights in comparison to highly charged xenon ions with the
same flight time. This fraction is subtracted from the ion yields of Xe**,
Xe*" and Xe*, which overlap with 0*, 0*, and O*, respectively. The
error estimation is based on the difference between spectra with and
without background subtraction.

Target density normalisation. The two data sets above and below
1200 eV photon energy, as well as the data at 50% transmission, were
recorded with slightly different gas pressures. Therefore, the ion yields
were normalised to the gas pressure measured by an ion gauge in the
interaction chamber parallel to the data recording.

Modelling

To interpret the experimental data and to elucidate the underlying
ionisation mechanisms, ab initio ionisation dynamics calculations
using the XATOM toolkit**** were performed. XATOM has recently
been extended to incorporate resonance and relativistic effects**>". For
any given electronic configuration of Xe ions, the electronic structure
was calculated on the basis of the Hartree-Fock-Slater method,

implementing first-order relativistic energy corrections. The atomic
data, including photoabsorption cross sections, Auger-Meitner
(including Coster-Kronig) rates, and fluorescence rates, were calcu-
lated in leading-order perturbation theory.

Using a rate-equation approach**®, the X-ray multiphoton ionisa-
tion dynamics* were simulated by solving a set of coupled rate equa-
tions with calculated atomic data. For the given range of photon
energies, the ionisation dynamics of Xe are mainly initiated by M-shell
(n=3) ionisation. The number of coupled rate equations, which is
equivalent to the number of electronic configurations that are formed
by removing zero, one, or more electrons from initially occupied
subshells (n > 3) of Xe ions and placing them into (n, ))-subshells (n < 30
and [<7), is - 4.2 x10°° (see Refs. 30,37). To handle such an enormous
number of rate equations, we used a Monte Carlo on-the-fly
approach®. We assumed no contribution from direct (non-
sequential) two-photon absorption’” and no effect due to the chaoti-
city of FEL SASE pulses*®. Higher-order many-body processes such as
double photoionisation via shakeoff or knockout mechanisms*® and
double Auger-Meitner decay*” were not included.

We used an energy bandwidth of 1% and a Gaussian temporal
profile with a 10-fs FWHM in all our calculations. Unless otherwise
noted, the theoretical results were volume-integrated® with a peak
fluence of 1.2 x 102 photons/pm?, which was obtained as the mean
value of the calibrated peak fluences for 1200-1700 eV (see Supple-
mentary Fig. S3), and a single Gaussian spatial profile was used in the
volume integration. All X-ray beam parameters were kept constant
while the photon energy was varied.

Data availability
The raw data recorded for the experiment at the European XFEL are
available at https://doi.org/10.22003/XFEL.EU-DATA-002310-00. The
underlying data of the figures can be obtained from the corresponding
authors upon request.

Code availability

The data-analysis code is available from the corresponding authors
upon request. An executable of XATOM is available at https://www.
desy.de/~xraypac/.

References

1. Sorokin, A. et al. Photoelectric effect at ultrahigh intensities. Phys.
Rev. Lett. 99, 213002 (2007).

2. Young, L. et al. Femtosecond electronic response of atoms to ultra-
intense X-rays. Nature 466, 56-61 (2010).

3. Rudenko, A. et al. Femtosecond response of polyatomic molecules
to ultra-intense hard X-rays. Nature 546, 129-132 (2017).

4. Santra, R. & Young, L. Interaction of intense X-ray beams with
atoms. In Jaeschke, E. J., Khan, S., Schneider, J. R. & Hastings, J. B.
(eds.) Synchrotron Light Sources and Free-Electron Lasers,
1233-1260 (Springer International Publishing, Cham, 2016).

5. Lambropoulos, P. & Nikolopoulos, G. M. Multiple ionization under
strong XUV to X-ray radiation. Eur. Phys. J. Spec. Top. 222,
2067-2084 (2013).

6. Guichard, R. Distinction of direct and sequential multiple ionization
of neon by intense soft XUV femtosecond pulses. Eur. Phys. J. D 68,
320 (2014).

7. Mazza, T. et al. Sensitivity of nonlinear photoionization to
resonance substructure in collective excitation. Nat. Commun.
6, 6799 (2015).

8. Neutze, R., Wouts, R., van der Spoel, D., Weckert, E. & Hajdu, J.
Potential for biomolecular imaging with femtosecond X-ray pulse.
Nature 406, 752-757 (2000).

9. Chapman, H. N. X-ray free-electron lasers for the structure and
dynamics of macromolecules. Annu. Rev. Biochem. 88, 35-58
(2019).

Nature Communications | (2023)14:5738


https://doi.org/10.22003/XFEL.EU-DATA-002310-00
https://www.desy.de/~xraypac/
https://www.desy.de/~xraypac/

Article

https://doi.org/10.1038/s41467-023-41505-1

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bielecki, J., Maia, F. R. N. C. & Mancuso, A. P. Perspectives on single
particle imaging with x rays at the advent of high repetition rate
x-ray free electron laser sources. Struct. Dyn. 7, 040901 (2020).
Ekeberg, T. et al. Observation of a single protein by ultrafast X-ray
diffraction. Preprint at https://www.biorxiv.org/content/10.1101/
2022.03.09.483477v2 (2022).

Boll, R. et al. X-ray multiphoton-induced Coulomb explosion ima-
ges complex single molecules. Nat. Phys. 18, 423-428 (2022).
Nagaya, K. et al. Ultrafast dynamics of a nucleobase analogue illu-
minated by a short intense x-ray free electron laser pulse. Phys. Rev.
X 6, 021035 (2016).

Vinko, S. M. et al. Creation and diagnosis of a solid-density plasma
with an X-ray free-electron laser. Nature 482, 59-62 (2012).
Kumagai, Y. et al. Following the birth of a nanoplasma produced by
an ultrashort hard-X-Ray laser in xenon clusters. Phys. Rev. X 8,
031034 (2018).

Gorkhover, T. et al. Femtosecond and nanometre visualization of
structural dynamics in superheated nanoparticles. Nat. Photon. 10,
93-97 (2016).

Tachibana, T. et al. Nanoplasma formation by high intensity hard
X-rays. Sci. Rep. 5, 10977 (2015).

Yamakawa, K. et al. Many-electron dynamics of a Xe atom in strong
and superstrong laser fields. Phys. Rev. Lett. 92, 123001 (2004).
Hoener, M. et al. Ultraintense X-ray induced ionization, dissociation,
and frustrated absorption in molecular nitrogen. Phys. Rev. Lett.
104, 253002 (2010).

Mazza, T. et al. Mapping resonance structures in transient core-
ionized atoms. Phys. Rev. X 10, 041056 (2020).

Walker, B. et al. Precision measurement of strong field double
ionization of helium. Phys. Rev. Lett. 73, 1227-1230 (1994).
Larochelle, S., Talebpour, A. & Chin, S. L. Non-sequential multiple
ionization of rare gas atoms in a Ti:Sapphire laser field. J. Phys. B: At.
Mol. Optical Phys. 31, 1201-1214 (1998).

Makris, M., Lambropoulos, P. & Miheli¢, A. Theory of Multiphoton
Multielectron lonization of Xenon under Strong 93-eV Radiation.
Phys. Rev. Lett. 102, 033002 (2009).

Rudek, B. et al. Ultra-efficient ionization of heavy atoms by intense
X-ray free-electron laser pulses. Nat. Photon. 6, 858-865 (2012).
Rudek, B. et al. Resonance-enhanced multiple ionization of krypton
at an x-ray free-electron laser. Phys. Rev. A 87, 023413 (2013).
Rudek, B. et al. Relativistic and resonant effects in the ionization of
heavy atoms by ultra-intense hard X-rays. Nat. Commun. 9,

4200 (2018).

Cramer, S. P. X-ray spectroscopy with synchrotron radiation: fun-
damentals and applications. Biological and Medical Physics, Bio-
medical Engineering (Springer International Publishing,

Cham, 2020).

Kanter, E. P. et al. Unveiling and driving hidden resonances with
high-fluence, high-intensity X-ray pulses. Phys. Rev. Lett. 107,
233001 (20M).

Ho, P. J., Bostedt, C., Schorb, S. & Young, L. Theoretical tracking of
resonance-enhanced multiple ionization pathways in X-ray free-
electron laser pulses. Phys. Rev. Lett. 113, 253001 (2014).

Ho, P. J., Kanter, E. P. & Young, L. Resonance-mediated atomic
ionization dynamics induced by ultraintense x-ray pulses. Phys. Rev.
A 92, 063430 (2015).

Toyota, K., Son, S.-K. & Santra, R. Interplay between relativistic
energy corrections and resonant excitations in x-ray multiphoton
ionization dynamics of Xe atoms. Phys. Rev. A 95, 043412 (2017).
Li, X. et al. Resonance-enhanced x-ray multiple ionization of a
polyatomic molecule. Phys. Rev. A 105, 053102 (2022).

Kuschel, S. et al. Enhanced ultrafast X-ray diffraction by transient
resonances. Preprint at https://arxiv.org/abs/2207.05472 (2022).
Ho, P. J. et al. The role of transient resonances for ultra-fast imaging
of single sucrose nanoclusters. Nat. Commun. 11, 167 (2020).

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Toyota, K. et al. xcalib: a focal spot calibrator for intense X-ray free-
electron laser pulses based on the charge state distributions of light
atoms. J. Synchrotron Radiat. 26, 1017-1030 (2019).

Decking, W. et al. A MHz-repetition-rate hard X-ray free-electron
laser driven by a superconducting linear accelerator. Nat. Photon.
14, 391-397 (2020).

Son, S.-K., Boll, R. & Santra, R. Breakdown of frustrated absorption in
x-ray sequential multiphoton ionization. Phys. Rev. Res. 2,

023053 (2020).

Santra, R., Kryzhevoi, N. V. & Cederbaum, L. S. X-ray two-photon
photoelectron spectroscopy: a theoretical study of inner-shell
spectra of the organic para-aminophenol molecule. Phys. Rev. Lett.
103, 013002 (2009).

Berrah, N. et al. Double-core-hole spectroscopy for chemical ana-
lysis with an intense X-ray femtosecond laser. Proc. Natl Acad. Sci.
USA 108, 16912-16915 (2011).

Wallis, A. O. G., Banks, H. I. B. & Emmanouilidou, A. Traces in ion
yields and electron spectra of the formation of Ar inner-shell hollow
states by free-electron lasers. Phys. Rev. A 91, 063402 (2015).
Banks, H. I. B., Little, D. A. & Emmanouilidou, A. Multiple core-hole
formation by free-electron laser radiation in molecular nitrogen. J.
Phys. B: At., Mol. Optical Phys. 51, 095001 (2018).

Gao, C., Li, Y., Liu, P, Fan, X. & Zeng, J. Triple-core-hole states
produced in the interaction of solid-state density plasmas with
a relativistic femtosecond optical laser. Sci. Rep. 8, 11048
(2018).

Saito, N. & Suzuki, I. H. Multiple photoionization in Ne, Ar, Kr and Xe
from 44 to 1300 eV. Int. J. Mass Spectrom. lon-. Process. 115,
157-172 (1992).

Son, S.-K., Young, L. & Santra, R. Impact of hollow-atom formation
on coherent x-ray scattering at high intensity. Phys. Rev. A 83,
033402 (201).

Jurek, Z., Son, S.-K., Ziaja, B. & Santra, R. XMDYN and XATOM: ver-
satile simulation tools for quantitative modeling of X-ray free-elec-
tron laser induced dynamics of matter. J. Appl. Crystallogr. 49,
1048-1056 (2016).

Schneider, T., Chocian, P. L. & Rost, J.-M. Separation and identifi-
cation of dominant mechanisms in double photoionization. Phys.
Rev. Lett. 89, 073002 (2002).

Koloreng, P., Averbukh, V., Feifel, R. & Eland, J. Collective relaxation
processes in atoms, molecules and clusters. J. Phys. B: At. Mol.
Optical Phys. 49, 082001 (2016).

Rohringer, N. & Santra, R. X-ray nonlinear optical processes using a
self-amplified spontaneous emission free-electron laser. Phys. Rev.
A 76, 033416 (2007).

Rohringer, N. & Santra, R. Strongly driven resonant Auger effect
treated by an open-quantum-system approach. Phys. Rev. A 86,
043434 (2012).

Li, Y. et al. Coherence and resonance effects in the ultra-intense
laser-induced ultrafast response of complex atoms. Sci. Rep. 6,
18529 (2016).

Budewig, L., Son, S.-K. & Santra, R. Theoretical investigation of
orbital alignment of x-ray-ionized atoms in exotic electronic con-
figurations. Phys. Rev. A 105, 033111 (2022).

Budewig, L., Son, S.-K. & Santra, R. State-resolved ionization
dynamics of a neon atom induced by x-ray free-electron-laser pul-
ses. Phys. Rev. A 107, 013102 (2023).

Posthumus, J. H. The dynamics of small molecules in intense laser
fields. Rep. Prog. Phys. 67, 623-665 (2004).

Fukuzawa, H. et al. Deep inner-shell multiphoton ionization by
intense X-ray free-electron laser pulses. Phys. Rev. Lett. 110,
173005 (2013).

Cumbee, R. S. et al. Charge exchange X-Ray emission due to highly
charged ion collisions with H, He, and H,: line ratios for heliospheric
and interstellar applications. Astrophys. J. 852, 7 (2017).

Nature Communications | (2023)14:5738


https://www.biorxiv.org/content/10.1101/2022.03.09.483477v2
https://www.biorxiv.org/content/10.1101/2022.03.09.483477v2
https://arxiv.org/abs/2207.05472

Article

https://doi.org/10.1038/s41467-023-41505-1

56. Gu, L. et al. Detection of an unidentified Soft X-ray emission feature
in NGC 5548. Astron. Astrophys. 665, A93 (2022).

57. Hell, N. et al. Highly charged ions in a new era of high resolution
X-ray astrophysics. X-Ray Spectrom. 49, 218-233 (2020).

58. Ezoe, Y., Ohashi, T. & Mitsuda, K. High-resolution X-ray spectro-
scopy of astrophysical plasmas with X-ray microcalorimeters. Rev.
Mod. Plasma Phys. 5, 4 (2021).

59. Hemsing, E., Halavanau, A. & Zhang, Z. Enhanced self-seeding with
ultrashort electron beams. Phys. Rev. Lett. 125, 044801 (2020).

60. Amann, J. et al. Demonstration of self-seeding in a hard-X-ray free-
electron laser. Nat. Photon. 6, 693-698 (2012).

61. Serkez, S. et al. Opportunities for two-color experiments in the soft
X-ray regime at the European XFEL. Appl. Sci. 10, 2728 (2020).

62. De Fanis, A. et al. High-resolution electron time-of-flight spectro-
meters for angle-resolved measurements at the SQS instrument at
the European XFEL. J. Synchrotron Radiat. 29, 755-764 (2022).

63. Tschentscher, T. et al. Photon beam transport and scientific
instruments at the European XFEL. Appl. Sci. 7, 592 (2017).

64. Dommach, M. et al. The photon beamline vacuum system of the
European XFEL. J. Synchrotron Radiat. 28, 1229-1236 (2021).

65. Tiedtke, K. et al. Gas detectors for x-ray lasers. J. Appl. Phys. 103,
094511 (2008).

66. Baumann, T. M. et al. Harmonic radiation contribution and X-ray
transmission at the Small Quantum Systems instrument of Eur-
opean XFEL. J. Synchrotron Radiat. 30, 662-670 (2023).

67. Mazza, T. et al. The beam transport system for the small Quantum
Systems instrument at the European XFEL: optical layout and first
commissioning results. J. Synchrotron Radiat. 30, 457-467 (2023).

68. Khubbutdinov, R. et al. High spatial coherence and short pulse
duration revealed by the Hanbury Brown and Twiss interferometry
at the European XFEL. Struct. Dyn. 8, 044305 (2021).

69. Liénard, E. et al. Performance of a micro-channel plates position
sensitive detector. Nucl. Instrum. Methods Phys. Res. A 551,
375-386 (2005).

70. Mrdz, W., Fry, D., Stockli, M. P. & Winecki, S. Micro channel plate
gains for Ta'%"-Ta**" ions, measured in the energy range from 3.7
keV/q up to 150.7 keV/q. Nucl. Instrum. Methods Phys. Res. A 4317,
335-345 (1999).

71. Gilmore, I. S. & Seah, M. P. lon detection efficiency in SIMS::
dependencies on energy, mass and composition for microchannel
plates used in mass spectrometry. Int. J. Mass Spectrom. 202,
217-229 (2000).

72. Doumy, G. et al. Nonlinear atomic response to intense ultrashort X
rays. Phys. Rev. Lett. 106, 083002 (2011).

Acknowledgements

We acknowledge European XFEL in Schenefeld, Germany, for the pro-
vision of X-ray free-electron laser beam time at the SQS instrument

and would like to thank the staff for their assistance. We also thank

the operators and the run coordinators at DESY for their commitment
and patience in tuning and performing the wide photon energy scans
for the first time. We thank José R. Crespo Lopez-Urrutia and Rui Jin for
their help with FAC calculations. We thank Kai Tiedtke, Andrey Sorokin,
Fini Jastrow and Yilmaz Bican for providing the gas monitor detector
downstream of the instrument. We also thank Theophilos Maltezopoulos

for his support. A.R. and M.M. acknowledge funding by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation)-SFB-
925-project 170620586. M.1., V.M., and Ph.S. acknowledge funding
from the Volkswagen foundation for a Peter Paul Ewald-fellowship.

S.P. and D.R. were supported by the US Department of Energy, Office
of Science, Office of Basic Energy Sciences, under contract no. DE-FGO2-
86ER13491.

Author contributions

R.B. and S.-K.S. conceived the beam time. A.R., S.-K.S., T.M., P.S., T.M.B.,
B.E.,M.l, J.L.,, V.M., S.P.,D.ER., D.R., S.S., S.U., M.M., and R.B. carried out
the experiment. A.R., with help of P.S., T.M., and R.B., analysed the data.
S.-K.S. carried out the calculations using the XATOM toolkit (developed
by S.-K.S. and R.S.). AR., R.B., S.-K.S., R.S., and M.M. interpreted the
results and wrote the manuscript with input from all authors.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-41505-1.

Correspondence and requests for materials should be addressed to
Sang-Kil Son or Rebecca Boll.

Peer review information Nature Communications thanks the anon-
ymous reviewer(s) for their contribution to the peer review of this work. A
peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:5738

10


https://doi.org/10.1038/s41467-023-41505-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Multiple-core-hole resonance spectroscopy with ultraintense X-ray pulses
	Results
	Photon-energy-dependent charge-state distributions
	Resonance structures and peak-fluence dependence
	Resonance assignment and multiple-core-hole analysis

	Discussion
	Methods
	Experiment
	Data analysis
	Isotope deconvolution
	Charge-state-dependent detector efficiency
	Background subtraction
	Target density normalisation
	Modelling

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




