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XFEL: X-ray free-electron laser
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> Ultraintense: ~1013 photons 
> Ultrafast: ~femtoseconds 

➔ peak intensity ~ 1020 W/cm2

How does matter interact with ultraintense and ultrafast pulses?
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Fig. 4. Schematic presentation of timescales involved in the dynamics of matter. Storage ring facilities currently provide syn-
chrotron radiation in pulses between 50 and 100 ps duration and are well suited for studying slow dynamics in condensed matter
samples. NSLS-II in Brookhaven aims for pulse lengths of about 15 ps. Today, free electron lasers provide extremely intense pulses
with duration ranging from a few to about 300 fs and thus open up new opportunities for studying the dynamics of matter on
the atomic scale in space and time.

range from 10 fs to 10 ps, at repetition rates between
1MHz and 1.3GHz. In general, ERLs are expected
to have great flexibility in modes of operation.

A breakthrough to a new area in photon science
has been accomplished by single-pass free electron
lasers. In the spectral range from the VUV to hard
X-rays, they provide in pulses of 10–100 fs duration
as many photons as we get today at the best storage
ring facilities per second. As schematically shown in
Fig. 5, one obtains pulses which are three or four
orders of magnitude shorter in duration and contain

Fig. 5. Schematic comparison between a typical synchrotron
radiation pulse from a storage ring with a pulse obtained at an
X-ray free electron laser. At a storage ring one obtains pulses of
about 100 ps duration which contain ∼ 109 photons. At a free
electron laser one gets pulses which are three or four orders of
magnitude shorter and contain four orders of magnitude more
photons. This opens up completely new opportunities for the
study of fast dynamics in matter.

four orders of magnitude more photons. As a conse-
quence it will become possible for the first time to
study matter in extreme conditions and in nonequi-
librium states with atomic resolution in space and
time. The main components of a single-pass FEL are
a low emittance electron gun, a combination of lin-
ear accelerator and bunch compressors, and a long
undulator. They provide peak brightness, which is
brightness scaled to the length of a single pulse,
about 10 orders of magnitude higher than for the
best storage rings. Worldwide there are currently
three X-ray FELs in operation for users. At DESY
in Hamburg the FLASH facility provides radiation
in the range of 4.5–60nm in the fundamental [11];
it has been operated as a user facility since sum-
mer 2005. At Spring-8 in Harima, Japan, a proto-
type facility for the Spring-8 Compact SASE Source
(SCSS), the prototype for the Spring-8 XFEL, pro-
vides radiation in the range of 30–61nm [12]; opera-
tion for users started in 2008. At SLAC in Stanford
the Linac Coherent Light Source (LCLS) provides
radiation in the range of 0.1–50nm; it is the first
FEL to reach the spectral range of hard X-rays [13].
The LCLS has been operated for users since Octo-
ber 2009. Figure 6 shows the spectral peak bright-
ness calculated for different FELs together with the
experimental data obtained at FLASH; the experi-
mental data for the LCLS are stated in the caption.

Four more X-ray single-pass FELs are currently
under construction. The Spring-8 XFEL in Harima,
Japan, uses a C-band linac with electron energies

FEL

synchrotron

Schneider, Rev. Accl. Sci. Tech. 3, 13 (2010). Ullrich et al., Annu. Rev. Phys. Chem. 63, 635 (2012).
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Figure 1

Peak brilliance of various free-electron laser (FEL) facilities as compared with a selection of state-of-the-art
synchrotrons, optical lasers, and high-harmonic sources (HHG). Abbreviations: BESSY II, Berliner
Synchrotron; PETRA III, Positron Elektron Ring Anlage; SPring 8, Super Photon Ring 8 GeV;
APS, Advanced Photon Source; ESRF, European Synchrotron Radiation Facility.

XFEL: European
XFEL

European XFEL, with its 27-kHz repetition rate, will become operational in 2015 at the Deutsches
Elektronen Synchrotron in Hamburg; and FEL projects are planned at the Paul Scherrer Institute
in Switzerland and in China and Korea as well. Four basic yet unprecedented properties, discussed
below, make FEL radiation unique and are essential to a variety of new applications.

1.1.1. Total photon flux. With typically 1012 to 1013 photons per pulse and repetition rates
of up to 120 Hz for FELs based on normal conducting cavities, the total photon flux is actually
comparable to that achieved at the most modern synchrotrons. Still, the pulse structure, with its
short and intense pulses, is favorable for background suppression and allows us to explore the
interaction of light with very dilute samples of, e.g., cold molecular ions or highly charged ions in
beams or traps. Moreover, superconductive-cavity FELs such as the FLASH and European XFEL
facilities, are designed to operate at up to 27 kHz, thus exceeding present synchrotron photon
fluxes by factors up to approximately 100.

1.1.2. Peak brilliance. The peak brilliance of up to 1034 photons (s · mrad2
· mm2

·

0.1%BW)−1 is up to nine orders of magnitude beyond those of the most advanced synchrotrons.
Depending on the optics and wavelength, power densities from 1016 W cm−2 to extreme values
of 1021 W cm−2 can be reached by focusing, e.g., 1013 photons of 10 keV energy in 100-fs pulses
to a spot size of 100-nm diameter. Hence, nonlinear and multiphoton effects arise in the X-ray
regime for the first time and can be studied and exploited for molecular investigations.

1.1.3. Pulse duration. Ultrashort pulse durations of ∼100 fs are standard, and at least a hundred
times shorter than at synchrotrons. As shown below, pulses as short as ∼40 fs have been measured
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Strong light-matter interaction

> Strong-field optical regime 
§ tunneling or multiphoton processes 
§ valence-electron ionization 

> Intense X-ray regime 
§ mainly one-photon processes 
§ core-electron ionization and relaxation 
§ multiphoton multiple ionization via a 

sequence of one-photon processes
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X rays
IR to UV



§ A sequence of one-photon absorption and accompanying relaxations 
 ➔ sequential multiphoton multiple ionization dynamics 

§ Direct multiphoton absorption: negligible if one-photon abs. is available 
 Doumy et al., Phys. Rev. Lett. 106, 083002 (2011).
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X-ray multiphoton ionization

5

Xe@5.5 keV

Fukuzawa et al., 
Phys. Rev. Lett. 
110, 173005 (2013).



Challenges for x-ray multiphoton ionization

> Theoretical challenges 

§ tremendously many hole states 
by x-ray multiphoton absorption 

§ highly excited system far from 
the ground state 

§ electronic continuum states for 
ionization 

§ complex inner-shell ionization 
dynamics, especially for heavy 
atoms 

> No standard quantum chemistry 
code available
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XATOM: all about x-ray atomic physics

> X-ray-induced atomic 
processes calculated for 
any given element and 
configuration 

> Ionization dynamics 
solved by a rate-equation 
approach 

> Sequential ionization 
model has been tested by 
a series of atomic XFEL 
experiments
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Son, Young & Santra, Phys. Rev. A 83, 033402 (2011). 
Jurek, Son, Ziaja & Santra, J. Appl. Cryst. 49, 1048 (2016). 

Download executables: http://www.desy.de/~xraypac
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XATOM: Theoretical details
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> Efficient electronic structure calculation required 

> Hartree-Fock-Slater (HFS) method 

> Bound states ➔ GPS method on nonuniform grid 

> Continuum states: calculated with the same potential as used in bound 
states ➔ 4th-order Runge-Kutta method on uniform grid 

> Calculate all cross sections and rates of x-ray-induced processes 
based on the perturbation theory
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XATOM: Coupled rate equations

> Cross sections & rates: (in principle) calculated for every single config. 

> Solve coupled rate equations to simulate ionization dynamics 

> Tremendously large coupled rate equations ➔ solved by Monte Carlo 

> Cross sections are rates calculated only for configurations visited 
during selected pathways ➔ Monte Carlo on-the-fly
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d

dt
PI(t) =

all config.X

I0 6=I

[�I0!IPI0(t)� �I!I0PI(t)]

Son & Santra, Phys. Rev. A 85, 063415 (2012).

Fukuzawa et al., 
Phys. Rev. Lett. 110, 

173005 (2013).



XATOM: Resonant photoexcitation

> Resonant photoexcitation 
to Rydberg states:  

§ How many n and l to be 
considered? 

§ Can we accurately describe 
these states? 

> Number of coupled rate 
equations explodes 
§ For example, Xe L-shell 
§ non-relativistic, no 

resonance: N=23,532,201 
§ relativistic, no resonance: 

N=5,023,265,625 
§ relativistic, resonance  

(n ≤ 30, l ≤ 7): ~2.6×1068
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XATOM extended to treat resonant excitation:  
Toyota et al., Phys. Rev. A 95, 043412 (2017).
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REXMI



REXMI mechanism

> REXMI: resonance-enabled or -enhanced x-ray multiple ionization 
> Multiple resonant excitations for a range of charge states 
> Further ionization via electron-correlation-driven relaxation processes 
> Broad energy bandwidth facilitates REXMI 
> One of the distinctive phenomena in the field of XFEL–matter interaction
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Rudek et al., Nat. Photon. 6, 858 (2012); Phys. Rev. A 87, 023413 (2013); Nat. Commun. 9, 4200 (2018). 
Ho et al., Phys. Rev. Lett. 113, 253001 (2014); Phys. Rev. A 92, 063430 (2015).
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First observation of REXMI
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Daniel Rolles 
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Artem Rudenko 
at KSU

Benedikt Rudek 
at PTB

LCLS experiment

Rudek et al., Nat. Photon. 6, 858 (2012).

§ Xe M-shell-initiated ionization 
§ 2 keV: excellent agreement between 

theory and experiment 
§ 1.5 keV: further ionization via resonance

occurring at this photon energy. Within the expectation from a
simple model of purely sequential single-photon absorption,
charge states up to Xe32þ can potentially be reached with 2.0 keV
photons via sequential removal of 3d electrons, as can be seen
from the binding energies in Fig. 2.

In striking contrast to such a simple consideration, we find
charge states as high as Xe36þ for the lower photon energy of
1.5 keV. To the best of our knowledge, this is the highest ionization
stage ever created in an atom with a single electromagnetic pulse
(that is, both by photon impact26,33 and by ion impact34). At
1.5 keV photon energy, sequential removal of electrons from the
respective ionic ground state ends at Xe26þ, where direct ionization
closes as the ground-state ionization energy rises above the photon
energy (Fig. 2). This is in qualitative agreement with our simulation
in Fig. 1b, which predicts a maximum charge state of Xe27þ (with a
strong decrease beyond Xe26þ) for the X-ray fluence achieved in the
experiment. In the simulations, the charge states above Xe26þ stem
from Auger decay of multiple-core-hole states, which are created
with significant abundance towards the end of the ionization
sequence when the Auger lifetime of 3d holes starts to be

comparable to or even exceed (at Xe25þ) the average inverse
photo-ionization rate of !9 fs (Supplementary Fig. S1). It should
be noted that, within our model, significantly higher charge states
cannot be produced, even when assuming considerably higher X-
ray fluences. Thus, simulations using a straightforward rate equation
approach, which have successfully described earlier experiments on
Ne and N2 in a broad wavelength range (including hollow atom cre-
ation)2,3 and yield good agreement with the xenon data at photon
energies of 850 eV (ref. 13) and 2.0 keV, fail dramatically for our
experimental results at 1.5 keV. At this photon energy, another effi-
cient ionization process must play a role, boosting multiple ioniz-
ation far beyond the limit intuitively expected for sequential one-
photon absorption.

We therefore propose and provide evidence that the highly
charged ionic states produced at 1.5 keV are reached via resonant
pathways, as described in the following and schematically illustrated
in Fig. 2. These resonances, which occur in highly charged xenon
ions produced during the course of a single femtosecond X-ray
pulse, are not included in our simulations, which only take into
account bound-free transitions. Inclusion of the additional
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Figure 1 | Comparison of experimental and simulated xenon charge state yields. a, Xenon ion TOF spectra at photon energies of 1.5 keV (black) and
2.0 keV (red) for (nominally) 80 fs pulses with 2.4–2.6 mJ pulse energy as measured by the LCLS gas detectors upstream of the target. Assuming a
3 × 3 mm2 X-ray focus and 35% beamline transmission at 2.0 keV, this corresponds to a peak fluence of !82–89 mJ mm22 at the target. At 1.5 keV, this
peak fluence is reduced by a factor of two (see Methods). b, Experimental xenon charge state distribution (bars) after deconvolution of overlapping charge
states and comparison to theory (circles with lines) calculated for an 80 fs X-ray pulse with a pulse energy of 2.5 mJ and integrated over the interaction
volume. The theoretical charge state distributions are scaled such that the total ion yield integrated over all charge states agrees with the total ion yield in
the experiment. Error bars for experimental data reflect the statistical error only. a.u., arbitrary units.
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Relativistic and resonant effects

§ Xe L-shell-initiated ionization: 2p1/2–2p3/2 splitting ~300 eV 
§ XATOM extended to treat both relativistic and resonant effects 
§ Structured CSD: interplay of resonance and relativistic effects
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Rudek et al., Nat. Commun. 
9, 4200 (2018).
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Photon-energy scan in soft x-rays
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Theory Experiment (preliminary raw data)
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> Overall, good agreement between theory and 
experiment 

> For each slice of photon energy, quantitative 
comparison could reveal details of ionization 
dynamics: effects of peak fluence, bandwidth, 
temporal structure, etc.

European XFEL SQS experiment

Aljoscha Rörig 
at EuXFEL

Rebecca Boll 
at EuXFEL
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X-ray REMPI



Ar17+ measurement

> Ar17+ detected: 
IP=4130 eV, 
photon energy 
~ 1550 eV 

> (2+1)-REMPI 
conceivable 

> REXMI cannot 
create Ar17+ 

> Any other 
ionization 
pathways?
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Experimental resonance profile

> Resonance structure: yield ratios of Ar17+ to Ar16+ as a func. of photon E 

> X-ray REMPI: broad, red-shifted, asymmetric resonance profile 
➔ stark contrast to conventional REMPI at longer wavelengths
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REMPI mechanism
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> More ionization 
channels besides 
(2+1)-REMPI 

> 2nd harmonic 
(0.2% contrib.):  
(1′+1)-REMPI 

> At low charges:
(2+n)-REMPI or 
(1′+n)-REMPI

LaForge et al., (submitted).



Direct two-photon resonant excitation

> XCID: grid-based TDCIS (time-dependent config. interaction singles) 

> Calculate direct two-photon σ(2) for 1s2→1s2s of Ar16+ 

> For other charges, the same σ profile is shifted by Δ in the transition E
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REMPI contribution analysis

> Resonant excitation by 2nd harmonic (0.2%) is dominant 

> (1′+n)-REMPI: resonant excitation by 2nd harmonic at lower charges 
with lower transition energy ➔ red-shifted and asymmetric broadening
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Pulse-duration effects

> Calculation with 10-fs matches well with experimental data 

> The shorter the pulse length, the more the 1s vacancy created at lower 
charges survives until Ar17+ ➔ explains more shifted for shorter pulses
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REXMI vs. X-ray REMPI
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§ multi-electron excitation 
§ electron-correlation-driven relaxation 
§ broad bandwidth

§ single-electron excitation 
§ ionization by another photon 
§ narrow bandwidth 
§ not necessarily single ionization

REXMI X-ray REMPI

Rudek et al., Nat. Photon. 6, 858 (2012). 
Rudek et al., Nat. Commun. 9, 4200 (2018). LaForge et al., (submitted)



Recent progresses
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XMDYN 
Coulomb explosion of 
iodopyridine molecules 

Boll et al., (submitted).

XPOT+XMDYN 
Transient IPD in nonthermal 

dense plasmas 
Phys. Rev. E 103, 023203 (2021).

XMOLECULE 
Femtosecond structural 

dynamics of water molecules 
Jahnke et al., (submitted).
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Conclusions

> X-ray multiphoton ionization is described by a sequence of one-photon 
ionization and accompanying relaxation processes 

> Resonant excitation plays an important role in x-ray multiphoton 
ionization via REXMI and REMPI 

> REXMI: ultra-efficient ionization mechanism by intense XFEL pulses 

> REMPI: first observation in the x-ray regime and its resonance profile 
with a clear distinction from conventional REMPI 

> XATOM: central development for describing XFEL–matter interaction
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Thank you for your attention!


