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Ultraintense pulses from x-ray free-electron lasers can drive, within femtoseconds, multiple processes in
the inner shells of atoms and molecules in all phases of matter. The ensuing complex ionization pathways of
outer-shell electrons from the neutral to the final highly charged states make a comparison with theory
enormously difficult. We resolve these pathways by preparing highly charged ions in an electron beam ion
trap before exposing them to the pulsed radiation. This reveals how relativistic fine-structure effects shift
electronic energies, largely compensate the core-screening potential, and enable the consecutive, resonant
absorption of two quasi-monochromatic x-ray photons that would generally be unfeasible. This doubly
resonant channel enhances the efficiency of two-photon ionization by more than two orders of magnitude,
dominating in this regime the nonlinear interaction of light and matter with possible application for future

precision x-ray metrology.

DOI: 10.1103/mhks-ktxw

Relativistic effects and interelectronic interactions are
essential in atomic, molecular, and condensed matter
physics. Lasers and high-harmonic generation sources
usually probe the dynamics of strongly correlated outer-
shell electrons with only small relativistic perturbations,
while x-ray free-electron lasers (XFEL) can access the
ultrafast dynamics of inner-shell electrons with strong
relativistic effects in atoms [1-4], molecules [5-7], and
metallic foils [8—11]. These techniques employ x-rays at

“Contact author: moto.togawa@xfel.eu
Contact author: chunhai.lyu@mpi-hd.mpg.de
*Contact author: thomas.baumann @xfel.eu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

0031-9007/25/135(22)/223003(7)

223003-1

photon energies well above the ionization threshold of the
inner-shell electrons of various atomic constituents of
matter. The high peak fluence of the XFEL pulse opens
up ionization trajectories with rapid multiple photoioniza-
tions of core electrons, interleaved with autoionization of
outer-shell electrons all occurring within a few femto-
seconds [1,3,12,13], enabling the generation of atomic
x-ray lasers via stimulated emission [4,10], the initiation of
Coulomb explosion for molecular imaging [7,14], and the
production of warm-dense plasma of interest in astrophys-
ics research [8,11].

Accurate ab initio full-relativistic calculations are critical
for inner-shell electrons in high-Z elements due to the ~Z*
scaling of the fine-structure splitting [15] in order to
reproduce the charge state distribution (CSD) beyond the
single-photon ionization limit following XFEL irradiation
[16-19]. Although recent experiments [13] have explored
the photon-energy dependence of these effects in xenon,
extracting the relativistic contributions and predicting the
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actual ionization trajectories is utterly difficult due to the
open shell character of the transient states leading to
millions of states which can be populated by the outer
electrons and the associated screening induced energy
shifts scaling linearly in Z.

Here, we observe a strong interplay of relativistic and
electron screening effects in highly charged ions (HCIs),
enabling enhanced two-photon ionization through resonant
double-core hole excitation. We exemplify this in highly
charged krypton ions using ultrafast nonlinear spectroscopy
[2,6,9,13,17,20,21].

We expose these ions, produced and trapped in an
electron beam ion trap (EBIT [22]) to ultraintense pulses
from the European x-ray free-electron laser (EuXFEL).
With most outer-shell electrons absent, we can investigate
this interplaying effects at high resolution, while starting
from neutral atoms introduces a ladder of intermediate
charge states blurring them. For specific transitions in
Kr?6*, a neonlike ion, we discover that both effects nearly
cancel each other out, thereby shifting two resonances into
the photon-energy bandwidth, resulting in strong multi-
photon ionization.

With the XFEL photon energy below the L-edge thresh-
old of the krypton ions, ionization of the L-shell electron
proceeds by resonant excitation shown in Figs. 1(a) and
1(b). Here, Fig. 1(a) depicts how this triggers Auger-Meitner
autoionization as dominant channel for ions with valence
electrons. Meanwhile, Fig. 1(b) illustrates the well-known

resonance-enhanced multiphoton ionization (REMPI), a
nonlinear process where resonant photoexcitation enables
direct photoionization of the excited electron. In both
cases, the core vacancy modifies the screening potential
such that the photons are no longer in resonance with any
transitions of the remaining core. Therefore, resonant
excitation of multiple core electrons [shown in Fig. 1(c)]
at one photon energy is only rarely possible when the
bandwidth of the photon source [23] is very broad or
populates close-lying states with high principal quantum
number n orbitals [13].

We exploit instead a nonlinear doubly resonant two-
photon ionization scheme. As shown in Fig. 1(d), relativ-
istic effects split the 2p subshell into 2p,,, and 2p3/),
orbitals, with the subscript being the single-electron total
angular momentum of each orbital. While the first photon
resonantly excites a 2p /, electron, the second photon (with
the same photon energy) can now resonantly excite a 2ps3»
electron—when the change in the core-screening potential
is compensated by the relativistic fine-structure splitting.
Then, a fast Auger-Meitner autoionization of these doubly
excited state efficiently generates higher charge states.
The rate enabled by this double resonance is orders of
magnitude faster than that of the conventional single-
resonance REMPI scheme, thus driving far stronger non-
linear ionization.

Our ab initio relativistic atomic-structure calculations
using the Flexible Atomic Code (FAC) [24] predict that
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FIG. 1. Resonance-enabled x-ray photoionization: (a) Linear: resonant excitation (y) followed by autoionization (Al). (b) Nonlinear

REMPI: resonant excitation followed by direct photoionization. (c),(d) Double-resonance ionization: two sequential resonances
populate a doubly excited autoionizing state. (e) Calculated absorption spectra for the isoelectronic sequence of ten-electron (Ne-like)
ions from iron to neodymium. Red: 3C (2p,/, — 3d3/,) and 3D (2p3;, — 3ds),) transitions to singly excited states. Gray/blue:
transitions to doubly excited autoionizing states. The 3C position is set to zero as a reference. Blue spectra (3C’, 3D"), with a spectator
electron, represent absorption after initial 3C excitation. For iron, (3C, 3D) and (3C’, 3D’) are well separated due to screening

differences (AEgc = 40 eV, AEgg &~

15 eV); in heavier ions, relativistic effects shift 3D’ toward 3C that leads to a total cancellation, i.e.,

AEgc — Egg = 0 for Kr, Rb, and Sr. The red band shows the SASE XFEL bandwidth (0.5%) near the 3C energy, as determined from this

experiment—much narrower than the fine-structure splitting in Kr

26+
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such double resonance phenomena would emerge in mid to
heavy ions, where relativistic fine-structure effects can
counterbalance Coulomb screening. In Fig. 1(e), we show
the calculated absorption spectra of the 2p — 3d transition
in neonlike isoelectronic HCIs. In such systems, there are
very strong, well-known transitions dubbed 3C and 3D:

3C: [2p°))0 = (12P7)1234d3)2) ., (1)

and

3D: [2p%),20 = (2P°]323d52) ;. )

following the notation of Gabriel [25]. In such a notation,
3C represents the 2p;,, — 3ds, transition and 3D is the
2p3/» — 3ds, transition. Their positions and strengths are
indicated by the red lines. We choose the position of the 3C
resonance in each element as zero for referencing the other
transitions. Gray and blue lines show the absorption spectra
for a second photon after the HCIs are excited by the first
one (i.e., the 2p33d — 2p*3d” transition). Particularly,
blue lines highlight the second resonant excitations arrays
marked as 3D’ and 3C’ following a resonant excitation of
3C [see Eq. (1)]. Two distinct scaling laws appear clearly in
the spectra in Fig. 1(e): first, the relativistic splitting
between the 2p;/, and 2ps3), orbitals scaling with Z* for
the 3D and 3D’ transitions, and second, the changing
screening potential due to the extra hole state in the 2p
subshell that scales linearly in Z for the 3C’ transitions with
respect to 3C. Within this Z range, the splitting 3d3,—3ds >
is negligible by comparison. In lighter elements with weak
relativistic effects in the 2p subshell, the strong screening
potential pushes the second excitation 230 eV above the
first one, making it within an XFEL bandwidth of approx-
imately 10 eV impossible to hit the second resonance
transition at once [26]. However, with growing Z, the Z*
scaling relativistic splitting brings both the 3C and 3D’
transitions for Kr, Rb, Sr, and Y within the bandwidth of the
XFEL pulses, enabling a second resonant excitation.

To study this, we deploy an electron beam ion trap at the
Small Quantum Systems (SQS) instrument at the SASE3
soft x-ray undulator of the European X-ray Free-Electron
Laser facility (see Fig. 2). The so-called SQS-EBIT (based
on [27]) prepares a dilute cloud of trapped highly charged
ions with a charge-state distribution (CSD) peaking for the
present experiment at 36% Kr?** and with approximately
4% neonlike Kr?** [Fig. 3(a); for more details see End
Matter]. While maintaining ultrahigh fluences, EuXFEL is
tuned to emit at a bandwidth of approximately 0.5%,
significantly narrower than the typical 1% bandwidth
produced by SASE XFELs. This allows for a more
selective excitation. We scan the X-ray photon energy
from 1.6 up to 3.2 keV to cover all the possible resonant
transitions of the L-shell electrons of Kr ions. XFEL
radiation is generated in bursts at a repetition rate of
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FIG. 2. Top: Scheme of the SASE3 beamline at EuXFEL.
XFEL pulses with the depicted pattern from an undulator pass
XGMDI1 (for intensity measurements), a gas attenuator, and a
second intensity monitor (XGMD?2). Two KB mirrors focus the
beam into the experimental chamber (bottom) of SQS-EBIT to
irradiate HCIs produced and trapped in it. A silicon drift detector
records their fluorescence, while an ion-ToF spectrometer down-
stream of the EBIT registers their charge-state distribution after
each exposure period. The bottom panel depicts the electrostatic
potential of EBIT and ion extraction beamline.

10 Hz, each one containing 500 pulses with a maximum
pulse energy of about 3 mJ at 1.8 keV, decreasing steadily
to about 1 mJ at 3 keV. To obtain the average CSD in
Fig. 3(b) at each photon energy, SQS-EBIT accumulates
photoions during 5000 XFEL pulses and is emptied at 1 Hz.
We also record the corresponding integrated fluorescence
flux from all trapped HCIs [see Fig. 3(c)].

Given the predicted ionization potentials of Kr?** and
Kr?™*, 2929 (2) and 3072 (5) eV [28], respectively, the
white dashed line in Fig. 3(b) indicates the limit for charge
states accessible by direct photoionization; below it, M-
shell electrons can be removed and the CSD modified.
However, the comparison between Figs. 3(a) and 3(b)
shows that such processes have a rather minute effect
on the CSD. Only resonant excitation by XFEL photons
can efficiently bring the ions to higher charge states.
Depletion and accumulation of the different charge states
appear at the resonant transitions of L-shell electrons to
n > 3 shells predicted with our atomic structure code. The
excited electron can either be brought into the continuum
by absorbing another photon by a nonlinear REMPI
process [Fig. 1(b)], or trigger Auger-Meitner autoionization
of other M-shell electrons [Fig. 1(a)]. Because this latter
linear process ionizes more efficiently, the dark and bright
spots observed in Fig. 3(b) are mainly caused by it.

Signatures of nonlinear multiphoton ionization processes
become much more clear for charge states above the direct
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Overview spectrum from 1.6 to 3.1 keV with highly charged krypton in EBIT. (a) Fluorescence yield; (b) charge-state
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photon-energy axis around 2.1 keV. Predicted energies of major ground-state transitions for each charge state are marked with colors
according to the upper state n and symbols for the orbital angular momentum, e.g., blue circles for 2p — 4d transitions. The white

dashed line marks the ionization threshold.

photoionization limit shown in Fig. 3. The lack of M-shell
electrons in the ground state for ions above Kr?®* excludes
linear one-photon ionization and one-photon excitation-
autoionization processes in this region. Consequently, the
predicted 3C3D’ double-resonance-two-photon ionization
appears at photon energies around 1850 eV with a much
enhanced production of Kr?’* ions.

To investigate these nonlinear processes in more detail,
we show the photoion spectra of Kr?’* and Kr?®* covering
the 3C and 3D excitation energies (1.79-1.88 keV) of
Kr?6* at pulse energies between 3 and 0.1 mJ (red spectra
in Fig. 4). The photon yield that is additionally recorded is
shown as fluorescence spectra, serving as auxiliary refer-
ences. Furthermore, we solve a set of rate equations to
model the interaction of trapped ions with one entire XFEL
pulse train to simulate the spectra (gray spectra in Fig. 4;
see End Matter for details). In general, we find good
agreement between the recorded and simulated spectra.
Especially, the ion-yield spectra closely resemble the
distinct predictions of the two nonlinear ionization proc-
esses introduced in Figs. 1(b) and 1(d). Le., following the
excitation of the neonlike ion with the 3D transition at
1800 eV by the first photon, absorption of a second photon
is energetically prohibited due to the modification of the
screening potential by the 2p3 /123d hole. Therefore, pro-

duction of Kr?’* can only proceed by slow photoionization

of the excited 3d electron in Kr?** [Peak (1) in Fig. 4(b)],
which can also decay back to the ground state by emitting
fluorescent photons. This results in the fluorescence peak
around 1800 eV shown in Fig. 4(a). On the other hand,
tuning the photon energy to the 3C3D’ double resonances
around 1850 eV yields a large fraction of Kr?’* ions [Peak
(4) in Fig. 4(b)] by fast autoionization of the doubly excited
2pi}h2p3/,3d° state in Kr*®", also suppressing fluores-
cence in Fig. 4(a). These signatures confirm the double-
resonance degeneracy predicted for neonlike krypton
illustrated in Fig. 1. The discrepancy between the observed
and simulated fluorescence spectra at low pulse intensities
may be attributed to the angular distribution of the
fluorescence, which is not properly included in the model.

Furthermore, both Kr?’*+ and singly excited Kr?®* have a
hole in the core (L shell) causing similar screening such that
the 3D transition in Kr?’* is close to the 3C3D’ double
resonance transitions in neonlike Kr?®*. This opens an
efficient pathway for production of Kr?®* at a photon energy
around 1850 eV, comprising a total four-photon sequential
ionization from the ground state of Kr?%* (as shown Fig. 4).
The relatively narrow photon energy bandwidth of approx-
imately 0.5% improves the selectivity, thereby enabling this
excitation process for only a few elements along the
isoelectronic sequence, where the 3C-3D’ consecutive
resonant excitation condition is fulfilled. Furthermore, the

223003-4



PHYSICAL REVIEW LETTERS 135, 223003 (2025)

lon yield (arb.units)

Fluorescence yield (arb. units)

h ——

o . L

1560
Incident photon energy (eV)

1800 1820 1840

m
+
c
=
o
—
1018
o
Q@
>
1073 c
o
" : " " Q .
1800 1820 1840 1860 1071 10°

Incident photon energy (eV)

Pulse energy (m))

FIG. 4. Experimental data (red) and predictions (gray) for the photon energies near the 3C and 3D resonant transitions for varying
pulse energy. (a) Average fluorescence yield. (b) Ion-yield spectra for fluorinelike krypton. (c) Ion yield spectra for oxygenlike krypton.
Five identified peaks are labeled from 1 to 5. (d) Comparison of Kr?’* yield evaluated at 1800 eV [peak (1)] and 1850 eV [peak (4)] as a

function of the pulse energy.

enhanced resolution reveals additional ionization channels
that are initiated from lower charge states. These are
observed as extra peaks at 1820 eV [Peak(2)] and
1840 eV [Peak (3)] in the photoion spectra of Kr?’*
[Fig. 4(b)]. They correspond to analogous multiphoton
ionization pathways mediated by doubly excited states in
Kr?** and Kr>*, respectively. This shows that blends of
single and double excitation (see Fig. 1) also occur for
charge states below neonlike krypton. While the double-
resonance ionization pathway easily reaches saturation, we
infer from the extracted ratio between the Kr?’* ion yields
seen in Fig. 4(d) at photon energies of 1800 and 1850 eV that
the double-resonance ionization pathway is more than 2
orders of magnitude more efficient than the single-resonance
ionization pathway, which is in good agreement with the
model. Slight discrepancies such as in the reproduction of
the depletion trend at high intensities in Fig. 4(d) are
tentatively attributed to the model limitations. In particular,
the model approximates unknown parameters such as the
SASE spectral, temporal characteristics, and intensity dis-
tribution at the focus (see End Matter for details).

In conclusion, we have predicted and experimentally
characterized ionization channels with sequential nearly
degenerate resonant core excitations forming doubly excited
states. For this, we performed ultraintense nonlinear spec-
troscopy on highly charged ions produced and confined in an
electron beam ion trap. So far in the context of ultraintense-
light matter interaction, such a mechanism was only consid-
ered feasible in rare cases where the bandwidth of the exciting
photon beam was broad enough. Although with single-color

x-ray lasers, this nonlinear process is only accessible for
particular elements where relativistic effects compensate
changes in electronic screening potentials, it can be gener-
alized to most systems by employing two-color x-ray pulses,
also available at EuXFEL [29] [see Fig. 1(c)]. Therefore, our
Letter paves the way for efficient state-selective two-color
pump-probe scheme through multiply excited autoionizing
states, which can be applied to future precision tests of physics
as well as x-ray optical clocks based on envisioned XFELO-
and frequency-comb x-ray sources.
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End

Experimental setup—SQS-EBIT follows the design of
the Heidelberg Compact EBIT [27] and is equipped with
an off-axis electron gun. Passing through a two-stage
differentially pumped injection system, monoisotopic
krypton gas is led into the interaction zone, where SQS-
EBIT produces a magnetically focused electron beam of
approximately 10 mA and 1780 eV, well below the
ionization threshold for neonlike krypton. Then, efficient
electron impact ionization drives up the center of gravity
of the charge-state distribution of krypton ions. After it
equilibrates with counteractive recombination processes,
we find a charge-state distribution of highly charged ions
showing a maximum abundance of 36% magnesiumlike
Kr?** ions and approximately 4% neonlike Kr?6* (see left
panel in Fig. 4). All ions are trapped by an axial
electrostatic trapping potential of approximately 10 V and
by the negative space charge of the electron beam.

The MHz-pulse train of European XFEL is introduced to
SQS-EBIT through an aperture in its off-axis electron gun

[17] B. Rudek, K. Toyota, L. Foucar, B. Erk, R. Boll, C. Bomme,
J. Correa, S. Carron, S. Boutet, G.J. Williams et al., Nat.
Commun. 9, 4200 (2018).

[18] K. Toyota, S.-K. Son, and R. Santra, Phys. Rev. A 95,
043412 (2017).

[19] J. Ye, Y. Yang, C. Yang, and G. Jiang, Chin. Phys. B 32,
053202 (2023).

[20] G. Doumy, C. Roedig, S.-K. Son, C.I. Blaga, A.D.
DiChiara, R. Santra, N. Berrah, C. Bostedt, J. D. Bozek,
P.H. Bucksbaum et al., Phys. Rev. Lett. 106, 083002
(2011).

[21] A.C. LaForge, S.-K. Son, D. Mishra, M. Ilchen, S. Duncanson,
E. Eronen, E. Kukk, S. Wirok-Stoletow, D. Kolbasova, P. Walter
et al., Phys. Rev. Lett. 127, 213202 (2021).

[22] R. E. Marrs, P. Beiersdorfer, and D. Schneider, Phys. Today
47, 10 (1994).

[23] E. Pelimanni, A.E. Fouda, P.J. Ho, T. M. Baumann, S.I.
Bokarev, A.D. Fanis, S. Dold, G. Grell, 1. Ismail, D.
Koulentianos et al., Commun. Phys. 7, 341 (2024).

[24] M. E. Gu, Can. J. Phys. 86, 675 (2008).

[25] A. Gabriel, Mon. Not. R. Astron. Soc. 160, 99 (1972).

[26] S. Bernitt, G. Brown, J. K. Rudolph, R. Steinbriigge, A.
Graf, M. Leutenegger, S. Epp, S. Eberle, K. Kubicek, V.
Mickel et al., Nature (London) 492, 225 (2012).

[27] P. Micke, S. Kiihn, L. Buchauer, J. Harries, T. M. Biicking,
K. Blaum, A. Cieluch, A. Egl, D. Hollain, S. Kraemer et al.,
Rev. Sci. Instrum. 89, 063109 (2018).

[28] E. Biémont, Y. Frémat, and P. Quinet, At. Data Nucl. Data
Tables 71, 117 (1999).

[29] S. Serkez et al., Appl. Sci. 10, 2728(2020).

[30] M. Togawa, Non-linear multiphoton excitation and ioniza-
tion of highly charged ions using high intensity XFEL
pulses, 10.22003/XFEL.EU-DATA-003315-00 (2023).

Matter

and illuminates the ion cloud, before leaving the instrument
unimpeded. The ultrashort pulses, with estimated pulse
duration of about 30 fs, are focused onto the ion cloud by
means of Kirkpatrick-Baez (KB) optics, producing an
estimated focal radius of 10 pm. The interaction of the
x-ray pulse with the trapped ion cloud is monitored by a
silicon drift detector (SDD) directed toward the trapped
ions in a plane perpendicular to the linear polarization of
the incoming XFEL radiation. Fluorescence photons are
recorded in coincidence with the incoming train of XFEL
pulses. The charge-state distribution shortly after the ion
cloud has interacted with the XFEL trains is recorded by
ejecting the trapped ions into a time-of-flight spectrometer.
After a time-of-flight of approximately 1 ps, charge-state
separated ions are collected by a multichannel plate in
current mode. In Fig. 3, the time-of-flight axis is trans-
formed to present all charge states equidistantly.

Simulation—To quantitatively interpret and analyze the
dependence of the line ratio under the influence of
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resonant doubly excited states, we have simulated the
XFEL-HCI interaction using a simple model based on a
set of rate equations. For this purpose, we generate the
necessary atomic data for the interactions for oxygenlike
down to siliconlike krypton by utilizing Flexible Atomic
Code (FAC) [24] in the UTA mode (unresolved
transition array mode). In particular, we include all
singly 1s2217!3/'" and doubly core-excited 1s>2[723/"
states. Additional higher excitations are included to
improve precision due to configuration interaction. We
take into account absorption (B;;), stimulated emission
(Bj;) that connects the ground state with singly excited
and singly excited with doubly excited states.
Furthermore, ~we predict radiative decay (Aj),
photoionization (c;;), as well as Auger-Meitner decays
(Afl-l) to all possible levels. Slow processes such as
interactions involving the electron beam of SQS-EBIT as
well as recombination with surrounding residual and
injected gas are neglected. Nonsequential processes are
not included. Furthermore, we verified the energies as
well as absorption rates with calculations using the
GRASP code.

With all the processes calculated, we solve the well-
known set of coupled rate equations [1]

d all levels
Epi(f) = Z [T_iP(t) =T ;Pi(1)]  (B1)
J#

to predict the time evolution of the populations P; of all
levels i. The rate I';,; corresponds to the transition
probability between levels i and j. In order to relate the
intensity-dependent photoionization cross sections and
Einstein B coefficients to the radiative and Auger-
Meitner decays, we use the following estimated parameters:
o (XFEL focus, FWHM) = 10 pm, 7 (pulse duration) =
30 fs, Epux (max. pulse energy) = 3 mJ. For the photon
energy bandwidth, we find a value of 0.5% of the photon
energy to be the most suitable. We further assume the
spectral energy distribution to be Gaussian, neglecting any
spectral properties arising from the SASE process.
Additionally, we approximate the temporal profile as a
square pulse of duration of 7.

Under these approximations, we solve Eq. (B1) and
predict the time evolution of the involved level populations
during and after interaction with the XFEL pulse. We
expand the model to include the train structure of the
incoming XFEL pulses (500 pulses separated at 880 ns) by
performing the one-pulse simulation iteratively using the

output as input for the next. Furthermore, the photon energy
is scanned for comparison with the experiment. With this
model, the dominant ionization channels producing peak
(1) and (4) in the photoion spectrum of fluorinelike krypton
can be identified as

(P1): Kr26+ — (Kr26+)* 25 K27+

and
(P4): Kr26+i>(Kr26+)*L(Kr%*)**iKrz”.

The asterisk denotes the number of excitations. Both are
two-photon processes; however, peak (4) is associated with
a significantly higher cross section, which becomes appar-
ent due to its fully resonant property. Peak (2) is initiated by
a resonance from the ground state of Kr>*+ (Mg-like Kr):

(PZ) Kr24+ i) (Kr24+)* L (Kr24+)** ﬂ) (Kr25+)*
R (Kr25+) AL (Kr26+)* P ket

Peak (3) is initiated by a resonance from the ground state of
Kr®* (Na-like Kr):

(P3): Ki25 N (Ke25+)* R (Ke25+ )=

AL gt B geo+ AL g2+
Spectral feature E is identified as a continuation of D with
. R 274y Pl o284
(P5): [(P4)] — (Kr*'")* — Kr*®t,

which makes peak (5) with its entire process from the
ground state neonlike krypton to oxygenlike krypton,
effectively a sequential four photon process, peak (2)
and (3) a sequential six and four photon process,
respectively.

The simulation does not take into account the fluence
distribution at the XFEL focus nor do we take into account
the spatial distribution of the trapped HCI cloud, typically
assumed to be cigar shaped along the (electron) beam
propagation direction. However, the good qualitative agree-
ment between the data and model, along with the reason-
able estimates for the unknown XFEL parameters, places a
more rigorous treatment of the HCI-XFEL interaction
outside the scope of this Letter.
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