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Overview

Center for Free-Electron Laser Science
CFEL is a scientific cooperation of the three organizations: 

DESY – Max Planck Society – University of Hamburg

> Introduction to XFEL–matter interaction 

> XATOM and x-ray multiphoton multiple ionization dynamics of Xe 

> XMOLECULE and x-ray-induced ultrafast explosion dynamics of CH3I 

> Summary



XFEL: X-ray free-electron laser

> Ultraintense: ~1013 photons 

> Ultrafast: ~femtoseconds
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at 13.7 nm for the first time. This 13 nm region is important because
of its relevance to EUV lithography. At saturation, FLASH delivers
ultrashort pulses with durations as low as 10 fs, and with peak and
average powers of up to 10 GW and 20 mW, respectively (record
values for EUV lasers). FLASH also produces bright emission at
the third harmonic (4.6 nm) and the fifth harmonic (2.75 nm) of
the fundamental mode. The latter wavelength is shorter than any
produced so far by plasma-based X-ray lasers, and it lies well
within the so-called water window where biological systems can be
imaged and analysed in vitro (and potentially in vivo). In addition,
the pulse durations of the harmonics decrease with harmonic
number, so their durations lie in the single-digit femtosecond
range, opening up the possibility of studying deep inner-shell
atomic and molecular dynamics on a subfemtosecond timescale.

RESULTS

PRODUCTION OF ELECTRON BUNCHES

FLASH is a SASE FEL that produces EUV radiation during a single
pass of an electron beam through a long periodic magnetic
undulator7–9. The driving mechanism of a FEL is the radiative
instability of the electron beam due to the collective interaction
of electrons with the electromagnetic field in the undulator24.
The amplification process in SASE FELs starts from the shot
noise in the electron beam. When the electron beam enters the
undulator, the beam modulation at wavelengths close to the
resonance wavelength,

l ¼ lwð1 þ K2Þ=ð2g2Þ ð1Þ

initiates the process of radiation emission (here lw is the undulator
period, K ¼ eBwlw/2pmec is the undulator parameter, Bw is
the r.m.s. value of the undulator field, g is the relativistic factor, c
is the velocity of light and me and e are the mass and charge
of the electron, respectively). The interaction between the
electrons oscillating in the undulator and the radiation that they
produce, leads to a periodic longitudinal density modulation
(microbunching) with a period equal to the resonance
wavelength. The radiation emitted by the microbunches is in
phase and adds coherently, leading to an increase in the photon
intensity that further enhances the microbunching. The
amplification process develops exponentially with the undulator
length, and an intensity gain in excess of 107 is obtained in the
saturation regime. At this level, the shot noise of the electron
beam is amplified up to the point at which complete
microbunching is achieved and almost all electrons radiate in
phase, producing powerful, coherent radiation.

A qualitative estimation of the FEL operating parameter space
can be obtained in terms of the FEL parameter r (ref. 25).
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Here I is the beam current, IA ¼ 17 kA is the Alfven current, s?
is the r.m.s transverse size of the electron bunch, and the
coupling factor is AJJ ¼ 1 for a helical undulator and AJJ ¼
[J0(Q ) 2 J1(Q )] for a planar undulator, where Q ¼ K2/[2(1 þ
K2)] and J0 and J1 are the Bessel functions of the first kind.
Estimates for the main FEL parameters are as follows: the field gain
length, Lg % lw/(4pr), the FEL efficiency in the saturation regime
is approximately equal to r, the spectral bandwidth
is approximately 2r, and the coherence time is tc % Lgl/(lwc).

The FLASH facility has already been described in detail
elsewhere14. A comprehensive description of specific systems, with
relevant references, is presented in the Supplementary Information,
(Sections 1–3). Figure 2a shows the schematic layout of the
FLASH facility. The electron beam is produced in a radio-
frequency gun and brought up to an energy of 700 MeV by five
accelerating modules ACC1 to ACC5 (ref. 14). At energies of 130
and 380 MeV, the electron bunches are compressed in the bunch
compressors BC1 and BC2. The undulator is a fixed 12-mm gap
permanent magnet device with a period length of 2.73 cm and a
peak magnetic field of 0.47 T. The undulator system is subdivided
into six segments, each 4.5 m long.

The electron beam formation system is based on the use of
nonlinear longitudinal compression. When the bunch is
accelerated off-crest in the accelerating module, the longitudinal
phase space acquires a radio-frequency-induced curvature.
Downstream of each bunch compressor, this distortion results in
a non-gaussian distribution within the bunch and in a local
charge concentration. It is the leading edge of the bunch, with its
high peak current, that is capable of driving the high-intensity
lasing process (Fig. 2). With proper optimization of the
bunch compression system, it is possible to obtain a low
transverse emittance for the high-current spike, which is
absolutely crucial for the production of high-quality FEL
beams. In this regard, it should be noted that collective
effects play a significant role in the bunch compression process
for short pulses. In the high-current part of the bunch, with
r.m.s length sz and peak current I, coherent synchrotron
radiation (CSR) and longitudinal space charge (LSC) effects scale
as I/sz

1/3 and I/sz, respectively. For instance, the LSC-induced
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Figure 1 Peak brilliance of X-ray FELs in comparison with third-generation
synchrotron-radiation light sources. Blue spots show experimental performance
of the FLASH FEL at DESY at the fundamental, 3rd and 5th harmonics.
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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).



Why ultraintense and ultrafast?

> Structural determination of 
biomolecules with x-rays  
➔ X-ray crystallography 

> Growing high-quality crystals 
is one of major bottlenecks 

> Enough signals obtained from 
even single molecules by 
using ultraintense pulses 

> Signals obtained before 
radiation damage by using 
ultrafast pulses
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Gaffney & Chapman, Science 316, 1444 (2007).

bismuth crystal confirmed the ability of the EOS
measurement to accurately determine the shot-to-
shot time delay (30).

In this study, fs laser pulse excitation of
bismuth changes the equilibrium structure of the
unit cell and leads to coherent vibrational motion
(31–33) (Fig. 1, C and D). This coherent motion
generates large-amplitude oscillations, in partic-
ular Bragg peaks such as the (111) reflection (34).
This experimental observation of strong ~300-fs
period oscillations in the (111) Bragg diffraction
intensity rigorously demonstrated the utility of EOS
as a timing diagnostic (29, 30). These measure-
ments also provided a detailed characterization of
the excited state potential, further demonstrating
the utility of ultrafast x-ray scattering for the

study of structural dynamics. Coherent vibration-
al motion in a ferroelectric crystal has also been
observed with ultrafast x-ray diffraction by using
laser-sliced x-ray pulses from a synchrotron (35).
X-ray slicing sources represent an important
development in ultrafast x-ray science with per-
formance attributes distinct fromXFEL sources. A
complementary discussion of nonthermal melting
and displacive excitations, as well as a discussion
of data analysis, can be found in the Supporting
Online Material (SOM) text.

Coherent X-ray Imaging with
Atomic Resolution
Electromagnetic radiation can be used to im-
age objects with a spatial resolution ultimately

limited by the wavelength, l, of the radiation. Im-
age formation can be simply described as inter-
ferometry; the light scattered by an object must
be recombined so that it interferes at the image
plane. Performing this reinterference directly
with an aberration-free lens makes diffraction-
limited imaging possible with visible radiation.
In the simple case of illumination with a coherent
plane wave, the achievable resolution equals d =
l /sin q, where q represents the highest scattering
angle collected by a lens or detector. At x-ray wave-
lengths, however, manufacturing lenses that ac-
cept and redirect light scattered at high angles
becomes increasingly difficult. Focal sizes of tens
of nanometers can be achieved (36), but atomic-
resolution lenses do not appear feasible.

Imaging at near-atomic res-
olution can be achieved without
lenses by conducting the rein-
terference of the scattered light
computationally. The numeri-
cal determination of the image
from the measured x-ray scat-
tering pattern requires that the
phase of the diffracted light be
determined in order to apply
the correct phase shift to each
reinterfering spatial frequency.
Because the detection of the
scattering pattern only mea-
sures the intensity of the scat-
tering radiation rather than the
amplitude, no phase informa-
tion can be directly measured.
Avariety of methods have been
developed for alleviating the
information deficit in crystal-
lography, such as examining
the wavelength dependence of
the diffraction pattern near an
atomic absorption edge or by
knowing part of the structure
or a similar structure. With co-
herent diffractive imaging, an
alternative route to reconstruct-
ing the scattered x-rays into an
image can be used.

Sayre has noted that the
continuous diffraction pattern
of a coherently illuminated unit
cell contains twice the informa-
tion obtained from the diffrac-
tion pattern of a crystalline
arrangement of identical copies
of that unit cell (2, 37). If ade-
quately sampled, this pattern
provides the exact amount of
information needed to solve the
phase problem and determinis-
tically invert the x-ray scatter
pattern into an image of the scat-
tering object. The past several
decades have seen substantial
advances in the experimental
and numerical techniques re-

Fig. 2. Schematic depiction of single-particle coherent diffractive imaging with an XFEL pulse. (A) The intensity pattern
formed from the intense x-ray pulse (incident from left) scattering off the object is recorded on a pixellated detector. The pulse
also photo-ionizes the sample. This leads to plasma formation and Coulomb explosion of the highly ionized particle, so only
one diffraction pattern [a single two-dimensional (2D) view] can be recorded from the particle. Many individual diffraction
patterns are recorded from single particles in a jet (traveling from top to bottom). The particles travel fast enough to clear the
beam by the time the next pulse (and particle) arrives. The data must be read out from the detector just as quickly. (B) The full
3D diffraction data set is assembled from noisy diffraction patterns of identical particles in random and unknown orientations.
Patterns are classified to group patterns of like orientation, averaged within the groups to increase signal to noise, oriented
with respect to one another, and combined into a 3D reciprocal space. The image is then obtained by phase retrieval.

8 JUNE 2007 VOL 316 SCIENCE www.sciencemag.org1446
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How does matter interact with ultraintense and ultrafast pulses?



What high x-ray intensity means?

> Fluence (photons/unit area) to saturate one-photon absorption 
 
 
 
 
 
 
 
 
 
 

> High x-ray intensity beyond one-photon absorption saturation 

§ synchrotron: at most one photon absorbed ➔ linear phenomena 
§ XFEL:  at least one photon absorbed ➔ nonlinear phenomena
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Son, Young & Santra,  
Phys. Rev. A 83, 033402 (2011).



Fundamental x-ray–matter interaction
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single X-ray

Photoionization: C → C✽+ + e– Auger decay: C✽+ → C++ + e–

synchrotron: one-photon absorption ➔ PA ➔ C2+ 
XFEL: many-photon absorption ➔ PAPAPA ➔ C6+



Sequential multiphoton multiple ionization

> First LCLS experiment: fundamental atomic physics in XFEL 
> Lots of x-ray photons: repeated K-shell ionization (P) followed by Auger (A)
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followed by simultaneous multiphoton absorption, as energetically
required to reach the next higher charge state17, is one proposed mech-
anism, although the excitationof spectral features such as a giant atomic
resonance may modify this simple picture18. Studies of high-intensity
photoabsorptionmechanisms in this wavelength regime have also been
conducted onmore complex targets3,19. For argon clusters, it was found
that ionization is best described by sequential single-photon absorp-
tion19 and thatplasmaeffects suchas inverse bremsstrahlung, important
at longer wavelengths (.100nm; refs 20, 21), no longer contribute. For
solid aluminium targets, researchers recently observed the phenom-
enon of saturated absorption (that is, a fluence-dependent absorption
cross-section) using 15-fs, 13.5-nm pulses and intensities up to
1016Wcm22 (ref. 3).

In the short-wavelength regime accessible with the LCLS, single
photons ionize deep inner-shell electrons and the atomic response to
ultra-intense, short-wavelength radiation (,1018W cm22, ,1 nm)
can be examined experimentally. In contrast to the studies at longer
wavelengths, all ionization steps are energetically allowed via single-
photon absorption, a fact that makes theoretical modelling con-
siderably simpler. We exploit the remarkable flexibility of the LCLS
(photon energy, pulse duration, pulse energy) combined with high
resolution electron and ion time-of-flight spectrometers, to monitor
and quantify photoabsorption pathways in the prototypical neon
atom.

X-ray ionization of neon using LCLS

We chose to study neon because notable changes in the electronic
response occur over the initial operating photon energy range of
LCLS, 800–2,000 eV (l5 1.5–0.6 nm), as shown schematically in
Fig. 1. There and in the following, V, P and A refer to the ejection
of valence, inner-shell and Auger electrons, respectively. In all cases,
sequential single-photon ionization dominates, although the differ-
ing electron ejection mechanisms lead to vastly different electronic
configurations within each ionization stage. The binding energy of a
1s electron in neutral neon is 870 eV. For photon energies below this,
the valence shell is stripped, as shown at the top of Fig. 1 in a VV…
sequence. Above 870 eV, inner-shell electrons are preferentially
ejected, creating 1s vacancies that are refilled by rapid Auger decay,
a PA sequence. For energies above 993 eV, it is possible to create
‘hollow’ neon, that is, a completely empty 1s shell, in a PP sequence
if the photoionization rate exceeds that of Auger decay. For energies
above 1.36 keV, it is possible to fully strip neon, as shown at the
bottom of Fig. 1.

Figure 2a shows experimental ion charge-state yields at three dif-
ferent photon energies, 800 eV, 1,050 eV and 2,000 eV. These photon
energies represent the different ionization mechanisms—valence
ionization, inner-shell ionization and ionization in the regime far
above all edges of all charge stages of neon. Despite the relatively
large focal spot for these studies, ,1 mm, the dosage at 2,000 eV for
neon (dosage5 cross-section3 fluence) is comparable to that pro-
posed for the biomolecule imaging experiment where a 0.1-mm focal
spot was assumed2. At the maximum fluence of,105 X-ray photons
per Å2, we observe all processes that are energetically allowed via
single-photon absorption. Thus, at 2,000 eV, we observe Ne101 and
at 800 eV we find charge states as high as Ne81 (a fractional yield of
0.3%), indicating a fully-stripped valence shell. We note that valence
stripping up to Ne71 was previously observed in neon for 90.5-eV,
1.83 1015W cm22 irradiation18,22. At this intermediate photon
energy, 90.5 eV, the highest charge state can not be reached by a
sequential single-photon absorption process.

Figure 2b compares the experimental ion charge-state yields with
theoretical calculations based on a rate equation model that includes
only sequential single-photon absorption and Auger decay pro-
cesses12. For simulations, two parameters are required, the X-ray
fluence and pulse duration. The fluence (pulse energy/area) on target
may be calculated from measured parameters for pulse energy and
focal spot size. The X-ray pulse energies quoted throughout this

paper were measured in a gas detector23 located upstream of the
target; the actual pulse energy on target is reduced by five reflections
on B4C mirrors (for details, see Methods). The focal spot size was
estimated from measurements done during the commissioning
period (J. Krzywinski, personal communication) using the method
of X-ray-induced damage craters imprinted in solid targets24.

The fluence calculated from these pulse-energy and spot-size mea-
surements is corroborated by in situ ion-charge-state measurements,
both at 800 eV, where ionization is dependent only on fluence and
not on intensity, and at 2,000 eV, where the observed ratio of Ne101/
Ne91 resulting from photoionization of hydrogen-like neon (a pro-
cess with a well-known cross-section) serves as a reliable calibration
tool. The fluence that matches the Ne101/Ne91 ratio agrees to within
30% with that derived from the measured pulse energy (2.4mJ) and
estimated focal spot size (,13 2mm2 full-width at half-maximum,
FWHM) at 2,000 eV. This fluence predicts not only the ratio Ne101/
Ne91, but also the absolute values of the fractional charge-state yield,
as shown in the bottom panel of Fig. 2b. At 2,000 eV, the calculations
predict the overall trend of the charge-state yields well, but there are
obvious differences—particularly at the lower charge states. The
odd–even charge-state alternation is much more pronounced in
the calculation than in the experiment. This is due to the fact that
the calculation ignores shake-off25 and double-Auger processes26, and
predicts that 1s one-photon ionization produces charge states up to
Ne21 only. Experimentally, one observes a yield of,75% Ne21 and
25% Ne31 from simple 1s ionization27. At 1,050 eV, the general
trends are reproduced although differences due to the simplicity of
the model are evident.

At 800 eV, the simulations, which include only valence-shell strip-
ping, are in excellent agreement with the observed charge-state dis-
tribution. The fluence, determined in situ by the 800-eV data and
simulation, is within 10% of that predicted by a ,2.13 increase in
focal area when going from 2,000 eV to 800 eV (ref. 28). Here, the
simulation is more straightforward as no inner-shell processes are
operative. We note that nonlinear two-photon processes29, which
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Figure 1 | Diagram of the multiphoton absorption mechanisms in neon
induced by ultra-intense X-ray pulses. X-rays with energies below 870 eV
ionize 2s,p-shell valence electrons (V, red arrow). Higher energy X-rays give
rise to photoemission from the 1s shell (P, purple arrow), and in the
consequent Auger decay the 1s-shell vacancy is filled by a 2s,p-shell electron
and another 2s,p electron is emitted (A, black arrow). These V, P and A
processes are shown inmore detail in the inset; they all increase the charge of
the residual ion by one. Main panel, three representative schemes of
multiphoton absorption stripping the neon atom. The horizontal direction
indicates the time for which atoms are exposed to the high-intensity X-ray
radiation field, and vertical steps indicate an increase in ionic charge due to
an ionization step, V, P or A. Horizontal steps are approximately to scale
with a flux density of 150X-ray photons per Å2 per fs, and indicate the mean
time between photoionization events or Auger decay.
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eject an inner-shell electron, are not observed, even at the intensities
attained here. Two-photon processes are simply swamped by valence
ionization. This observation is consistent with the generalized 1s
two-photon cross-section of 10255 cm4 s for neutral neon at 800 eV
calculated in ref. 29. For all of these simulations, the X-ray pulse
duration was assumed to be equal to the measured LCLS electron
bunch duration (230–340 fs)30.

X-ray transparency

To further investigate photoabsorption mechanisms, we changed the
X-ray pulse duration nominally by a factor of ,3, at a fixed pulse
energy, for the three photon energies shown in Figs 1 and 2. The spot
size of the X-ray beam, imaged upstream of the mirrors, was observed
to remain constant to within 10% when changing the pulse duration
at a given photon energy—implying a constant focal spot size. At
800 eV and 1,050 eV, we observed essentially no change in the charge-
state distribution when changing the pulse duration. However, at
2,000 eV, photoabsorption is markedly decreased with shorter, more
intense, X-ray pulses. That is, the sample becomes transparent at high
intensity. The phenomenon of intensity-induced X-ray transparency
(closely related to saturated absorption3,31), can be readily under-
stood qualitatively. Photoabsorption at 2,000 eV is due primarily to
the presence of 1s electrons. If 1s electrons are photoejected by intense
X-ray radiation, the absorption cross-section will be decreased—
until the 1s electrons are replaced by valence electrons. The replace-
ment time is the inner-shell vacancy lifetime. These data are shown in
Fig. 3a, where the ratios of the charge-state yields for 230-fs to 80-fs
pulses are plotted for 2,000-eV irradiation.

It is more difficult to understand the phenomenon quantitatively.
Why would changing the X-ray pulse duration from 230 fs to 80 fs
make any difference if Auger decay takes place on a 2.4-fs timescale32?
The answer is that the Auger refilling time increases dramatically with
increasing charge state33, with a large jump at Ne71, where the life-
time of a 1s-hole state in Ne71 is greater than 23 fs (Fig. 3b). However,
even after taking the increased vacancy lifetime into account, our
calculations can not reproduce observations if the X-ray pulse dura-
tions are taken to be equal to the measured electron bunch durations,
that is, 230 fs and 80 fs. The 230-fs simulation agrees well with the
measured Ne81 to Ne101 yields at 2,000 eV in Fig. 2b. In order to

reproduce the observed transparency, our simulations must there-
fore use an X-ray pulse duration that is substantially shorter, ,20 fs,
for the 80-fs electron bunch. We note that if one incorporates the
processes missing from the model12 (shake and double-Auger),
higher charge states will be produced even more rapidly, implying
that in the simulation an even shorter pulse duration would be
required to reproduce the experimental data. The highly collective
process of lasing in a free-electron laser leads to X-ray pulse shapes
that need not match the electron current shape, and to the possibility
that the X-ray pulse duration could be significantly shorter than the
electron bunch duration34,35.

Hollow-atom signature

Corroborating evidence can be found from electron spectra. Speci-
fically, the production of hollow atoms is sensitive to the pulse dura-
tion, as hollow atoms are produced only when the photoionization
rate is comparable to the Auger rate. Auger electrons emitted from a
double-core-hole state are a distinctive signature of hollow atom
formation, with energies shifted well above the single-core-hole
Auger electrons. Electron spectra also confirm the validity of the
proposed dominant photoabsorption mechanisms—that is, sequen-
tial single-photon absorption. Figure 4a and b shows electron spectra
at h 5 0u relative to the X-ray polarization axis for 1,050-eV X-rays.
The relatively slow 1s photoelectrons are shown in Fig. 4a, whereas
the fast valence photoelectrons and Auger electrons are shown in
Fig. 4b (where the electron energies have been retarded by 790 eV).
The region containing the hollow-atom signature, that is, the double-
core-hole Auger, falls between the valence photoelectrons and the
single-core-hole Auger. The hollow-atom signature is more cleanly
observed at h 5 90u because the emission of photoelectrons is
strongly suppressed perpendicular to the X-ray polarization axis.

The yield of double- versus single-core holes can be derived from an
analysis of the electron spectra36. The main peaks in the double- and
single-core-hole regions were identified as the Auger transitions
[1s2]R[1s 2p 2] 2D, 2S and [1s]R[2p 2] 1D, where [nl] represents an
nl hole. These main Auger peaks originate from the PPA or PA
sequence starting with neutral neon, that is, from the initial stage in
the ionization process. Ratios of double-to-single core-hole forma-
tion probabilities were derived from the Auger line intensities using
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Figure 2 | Neon charge-state yields for X-ray energies below, above and far
above the 1s-shell binding energy, 870 eV. Pulse energies are measured in
the gas detector upstream of the target. a, Experimental charge-state
distribution for 2.4-mJ pulses at 800 eV (top), 1,050 eV (middle) and
2,000 eV (bottom). b, Comparison of experimental charge-state yields,

corrected for detection efficiency, with simulations, assuming a Gaussian-
shaped pulse, as described in ref. 12. The X-ray pulse durations for the
simulation are assumed to equal the electron bunch duration, shown in the
figure. Fluence-dependent processes, such as valence stripping at 800 eV, are
insensitive to the pulse duration.
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Challenges for x-ray multiphoton ionization

> No standard quantum chemistry code available 

> 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
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XATOM

> XATOM: describes 
dynamical behaviors of 
atoms interacting with 
XFEL pulses 

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

> Sequential ionization 
model has been tested by 
a series of atomic XFEL 
experiments: Ne, Ar, Kr, 
Xe, …

!10Sang-Kil Son  |  What happens to atoms and molecules during XFEL pulses? |  June 22, 2017 |       / 42
Center for Free-Electron Laser Science
CFEL is a scientific cooperation of the three organizations: 

DESY – Max Planck Society – University of Hamburg

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: Electronic structure

> Efficient electronic structure calculation required 

> Hartree-Fock-Slater method 

> Bound states ➔ generalized pseudospectral method on nonuniform grid 

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

> Calculate all cross sections and rates of x-ray-induced processes 
based on the perturbation theory 

> Photoionization cross section 

> Fluorescence rate 

> Auger rate
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���hF |Ĥint|Ii

���
2

�A(i, jj
0) = ⇡

NH

i Njj0

2li + 1

lj+lj0X

L=|lj�lj0 |

1X

S=0

X

li0

(2L+ 1)(2S + 1)|MLS(j, j
0, i, i0)|2

�P(i,!) =
4

3
↵⇡2!Ni

li+1X

lj=|li�1|

l>
2li + 1

��hunili(r)|r|u"lj (r)i
��2

�F(i, j) =
4

3
↵3(Ii � Ij)

3
NH

i Nj

4lj + 2
· l>
2li + 1

��hunili(r)|r|unj lj (r)i
��2



XATOM: Coupled rate equations

> Electronic structure: calculated for every single configuration 

> Cross sections and rates: calculated for every single configuration 

> Solve coupled rate equations to simulate ionization dynamics 

> Tremendously large coupled rate equations (~millions configurations) 
➔ solved by Monte Carlo approach
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Son & Santra, Phys. Rev. A 
85, 063415 (2012).



Complex inner-shell decay cascade
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Multiphoton absorption after/during decay cascade 

§ More than 20 million multiple-hole configurations 

§ More than 2 billion x-ray-induced processes



X-ray multiphoton ionization dynamics
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X-ray multiphoton ionization dynamics
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X-ray multiphoton ionization dynamics
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§ To reach Xe24+: 5 photons absorbed, 24 electrons ejected
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Ionization mechanism described by theory

!16

Fukuzawa et al., Phys. Rev. Lett. 110, 173005 (2013).
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Charge-state distributions of Xe
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Xe@4.5 keV

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



Daniel Rolles 
at KSU

Artem Rudenko 
at KSU

Benedikt Rudek 
at PTB

LCLS experiment

Comparison with LCLS experiment
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Rudek et al., Nature Photon. 6, 858 (2012).

§ Xe M-shell 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

1.5 keV (experiment)
2 keV (experiment)

1.5 keV (theory)
2 keV (theory)

10−3

10−4

0.01

0.1

1

10

Io
n 

yi
el

d 
(a

.u
.)

Io
n 

yi
el

d 
pe

r s
ho

t (
a.

u.
)

35+

31+
27+

22+
21+

20+
19+

18+
17+

16+
15+

14+

13+

12+ 11+

10+

9+

128Xe

129Xe

130Xe

131Xe

132Xe

134Xe

136Xe3+

36+

35+

34+

30+

33+

32+

29+31+

25+

28+
26+27+

24+

0.05a

b

0.04

0.03

0.02

0.01

0.00
6,000 8,000 10,000 12,000 14,000 16,000 18,000

5,200 5,400 5,600 5,800 6,000

Xe8+

Xe7+

Xe6+

Xe5+

Xe4+

Ion time of flight (ns)

5,000 6,200

23+

1.5 keV, 2.4–2.6 mJ

2 keV, 2.4–2.6 mJ

36 34 32 30 28 26 24 22 20 18 16 14 12 10 8 6 4 2
Xe charge state

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
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Ultra-efficient ionization by XFEL

> REXMI: Resonance-Enabled X-ray Multiple Ionization 

> Broad bandwidth (~15 eV): resonances for many charge states
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Comparison with SACLA experiment
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 Theory

Kiyoshi Ueda 
at Tohoku Univ.

Hironobu Fukuzawa 
Koji Motomura

Fukuzawa et al., 
Phys. Rev. Lett. 

110, 173005 (2013).

§ Xe L-shell ionization: good agreement 
§ underestimation in theory: lack of relativity, shake-off, and resonance

Xe@5.5 keV
SACLA experiment
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Improving theory 

> One resonance channel: Ne@1050 eV 

§ Xiang et al., Phys. Rev. A 86, 061401 (2012).  

> Multiple resonance channels: Xe@1.5 keV 

§ Ho et al., Phys. Rev. Lett. 113, 253001 (2014). 

§ Ho, Kanter, and Young, Phys. Rev. A 92, 063430 (2015).  

> What about both resonance effect and relativistic effects? 

§ resonance effect: Xe M-shell ionization at 1.5 keV 

§ relativistic effects: Xe L-shell ionization at 5.5 keV 

§ interplay between resonant excitations and relativistic corrections
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Inclusion of relativistic effects

> Open new Coster-Kronig decay 
channels due to spin-orbit splitting 

> Close photoionization earlier due 
to relativistic energy corrections
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group non-rel (a.u.) rel McGuire [37]

M2-X
1.61 × 10−4

2.20 × 10−4 1.60 × 10−4

M3-X 1.75 × 10−4 1.37 × 10−4

M2-XY
2.09 × 10−2

1.97 × 10−2 2.27 × 10−2

M3-XY 2.06 × 10−2 2.13 × 10−2

M2-M3X forbidden 5.38 × 10−3 5.50 × 10−3

M2-M45X
2.05 × 10−1

1.54 × 10−1 1.50 × 10−1

M3-M45X 1.88 × 10−1 1.80 × 10−1

TABLE III: The numerical demonstrations for the fluorescence and the Auger rate for a vacancy

in M2- and M3-subshell. The first two columns show the fluorescence rates, the next two columns

the Auger rates, the last three columns the Coster-Kronig rates, respectively. In this table, “non-

rel” refers to the results obtained using Eq. (7) in [51], and “rel” Eqs. (14) and (17), respectively.

Note that the Coster-Kronig rate of the M2-M3X channel is open in relativistic case, which is

energetically forbidden in non-relativistic case.

E. Fluorescence rate

A fluorescence rate of which an initial hole in an subshell q is refilled by an electron in

an subshell q′ with a photon emission is given by

Γqq′ =
4

3
α3(Enq′ lq′ jq′ − Enqlqjq)

3l>Nq′N
H
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2
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⟨unqlq |r|unq′ lq′ ⟩

∣
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∣

2

, (17)

where the constants Nq′ andNH
q represent the number of occupation and holes in the subshell

q and q′, respectively. Here it is assumed that the emitted photon is not polarized. The

selection rule is,

jq = jq′ , jq′ ± 1, (18a)

lq = lq′ ± 1, (18b)

mq = mq′, mq′ ± 1. (18c)

Auger and fluorescence rates were intensively studied in literatures [30–50]. Table III

compares our numerical results for the Auger and fluorescence rates with those obtained by

10

Toyota, Son & Santra, 
Phys. Rev. A 95, 
043412 (2017).

> Closer to photon energy due to energy corrections: higher cross sections

> Relativistic energy correction within first-order perturbation theory
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Relativistic heavy atom

> Number of all possible electronic configurations
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relativistic 
Xe: 1s¹⁄₂2 2s¹⁄₂2 2p¹⁄₂2 2p³⁄₂4 3s¹⁄₂2 3p¹⁄₂2 3p³⁄₂4 3d³⁄₂4 3d⁵⁄₂6  

4s¹⁄₂2 4p¹⁄₂2 4p³⁄₂4 4d³⁄₂4 4d⁵⁄₂6 5s¹⁄₂2 5p¹⁄₂2 5p³⁄₂4 

M-shell: 111,628,125 
L-shell: 5,023,265,625

non-relativistic 
Xe: 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p6 

M-shell: 1,120,581 
L-shell: 23,532,201



Inclusion of resonant excitations

> Resonant photoexcitation cross section 

> Number of possible electron 
configurations explodes 
depending on nmax (=15~20) 
and lmax (=6~7)
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configurations and processes within the present approach is cur-
rently beyond the computational limits. However, to further quan-
tify the effects of the transient resonances at 1.5 keV and to assess
whether these pathways could indeed explain the experimental find-
ings, exemplary photoexcitation cross-sections for selected reson-
ances, convolved with the FEL spectral distribution, are shown in
Fig. 3. A sketch of an exemplary pathway leading to Xe36þ is
given in Supplementary Fig. S2.

As the binding energy of the xenon M-shell (n¼ 3) electrons sur-
passes the 1.5 keV photon energy with increasing ionic charge (for
the most strongly bound xenon (3s) electrons, this happens for
charge states higher than Xe18þ), direct single-photon ionization
(left blue arrow in Fig. 2) from this shell is no longer possible.
However, the electrons can still be resonantly excited into densely
spaced Rydberg states and unoccupied valence orbitals (red
arrows). Based on the calculated cross-sections shown in Fig. 3,
we expect multiple resonant excitations to occur for any given
charge state above the resonance threshold, which lift several elec-
trons up to Rydberg states. The multiply excited states will then
be further ionized by Auger decay and other auto-ionizing tran-
sitions mediated by electron–electron interaction (green arrows).
Ionization of a Rydberg electron by absorbing another photon is
unlikely, because our calculations indicate that the corresponding
photo-ionization rates are very small. Both Auger decay and auto-
ionization of these core-excited states efficiently deplete the outer

shells and refill the lower-lying levels, thus continuously fuelling
this resonance-enabled X-ray multiple ionization (REXMI)
pathway. (Note that the effectiveness of fast Auger and auto-
ionization decay processes of hollow atoms has also been observed
experimentally35,36 and proven theoretically37 in electron emission
and hollow-atom formation occurring when highly charged ions
slowly approach insulator and metal surfaces.) Furthermore, direct
photo-ionization (right blue arrow, Fig. 2) of excited intermediate
states reached via Auger decay, in particular those with electrons
in the n¼ 4 shell, becomes increasingly efficient as their binding
energy approaches 1.5 keV for increasing ionic charge. Finally, for
charge states above Xe35þ, the photon energy is no longer sufficient
to excite resonant transitions from the M shell, which agrees well
with the observed cutoff in the experimental charge-state spectrum
at Xe36þ. Resonant excitations involving the n¼ 4 shell would only
start at Xe38þ (Fig. 2), which is not produced at the fluences of the
present experiment.

Taking into account the good agreement between theory and
experiment for 2.0 keV (Fig. 1b, 5b) and the small cross-sections
for direct (‘non-sequential’) two- or multi-photon absorption6,38,
we conclude that the REXMI mechanism—that is, highly efficient,
transient resonant excitation processes in highly charged ions
accompanied by hollow-atom formation and auto-ionization of
multiply excited states—is the most convincing explanation for
the observed high charge states produced at 1.5 keV. Model
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Figure 2 | Ground state binding energies for M-, N- and O-shell electrons in xenon ions for charge states between Xe141 and Xe381 together with
schematic ionization pathways. Unoccupied orbitals are shown explicitly up to 7f, but densely spaced Rydberg orbitals (grey lines) cover the entire energy
range up to the continuum. To illustrate the occurrence of resonances at a photon energy of 1.5 keV, lines parallel to the 3s, 3p and 3d binding energies shifted
by 1.5 keV are drawn as blue dashed lines. For charge states between Xe19þ and Xe35þ, they intersect with the binding energies of various outer orbitals, hence
demonstrating, from a purely energetic point of view, the possibility of resonant transitions from the M shell to those outer shells. Below this REXMI region,
M-shell photoelectrons can be created by direct single-photon ionization (left blue arrow). For charge states higher than Xe18þ, 3s, 3p and/or 3d electrons can
be resonantly excited into unoccupied valence orbitals (red arrows). The resulting M-shell holes are typically refilled by Auger decay (green arrows, left).
Electrons excited into outer orbitals can undergo Auger decay or other auto-ionizing transitions involving other outer-shell electrons (green arrows, middle and
right), especially if multiply excited states are created (red arrows, right). In some cases, Auger decay may also lead to other core-excited states that can be
ionized by a second X-ray photon (blue arrow, right). At a photon energy of 2.0 keV, resonances can only occur for charge states Xe29þ and higher, as shown
by the dotted blue lines representing the 3s, 3p and 3d binding energies shifted by 2.0 keV.
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Interplay between resonance and relativity

> Xe@1.5 eV (M-shell) 
§ strong REXMI expected 
§ no relativistic effect expected 

> Xe@5.5 keV (L-shell) 
§ strong relativistic effect expected 
§ no REXMI expected
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Toyota, Son & Santra, Phys. Rev. A 95, 043412 (2017).

10-6

10-5

10-4

10-3

10-2

10-1

100

 0  5  10  15  20  25

Xe@5.5 keV

Io
n 

yi
el

d

non-relativistic, no resonances
non-relativistic, resonances
relativistic, no resonances

10-6

10-5

10-4

10-3

10-2

10-1

100

 0  5  10  15  20  25

Io
n 

yi
el

d

Charge state

non-relativistic, no resonances
relativistic, resonances
experiment

10-4

10-3

10-2

10-1

100

 0  5  10  15  20  25  30  35

Xe@1.5 keV

Io
n 

yi
el

d

non-relativistic, no resonances
non-relativistic, resonances
relativistic, no resonances

10-4

10-3

10-2

10-1

100

 0  5  10  15  20  25  30  35

Io
n 

yi
el

d

Charge state

non-relativistic, no resonances
relativistic, resonances
experiment



Xe atom at higher x-ray intensity

> New experimental setup:  
LCLS CXI using nano-focus  
➔ new realm of intensity approaching ~1020 W/cm2 

> Various photon energies: 5.5 keV ~ 8.3 keV 

§ Trend of REXMI examined 
§ Peak structure in the REXMI region 
§ L-shell initiated ionization ➔ large relativistic 

effects 
> Improved experimental analysis and  

improved calibration procedure with Ar data 
XCALIB: developed by Zoltan Jurek and  
Koudai Toyota
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New data for Xe at 5.5 keV
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FIG. 2. a) Experimental and calculated Xe charge state
distribution at the photon energy of 5.5 keV and a peak flu-
ence of 1.94±0.05 mJ/µm2 (29100 shots within this interval).
The calculations were carried out with and without considera-
tion of relativistic e↵ects and resonances. b) Calculated total
photo absorption cross section of the ground state Xe atom
at 5.5 keV and 1% bandwidth with and without relativistic
e↵ects and resonances. c) Binding energy of the ground state
Xe orbitals with and without relativistic e↵ects. The position
of L-shell resonances are indicated by the binding energy of
the 2s and 2p orbitals shifted by 5.5 keV (dashed lines) and
the transparent boxes across a)b)c).

Including relativistic e↵ects, significant shifts of orbital
energy levels occur and, in particular, the degeneration
of 2p1/2 and 2p3/2 is removed due to spin-orbit coupling.
All shifts are towards higher binding energy, so that the
cross section and thus the average charge state is reduced.

Resonant transitions from 2s, 2p1/2 and 2p3/2 are in-
dicated in figure 2c) as red and blue lines that are o↵-
set from the 2s, 2p1/2 and 2p3/2 binding energies by the
5.5 keV photon energy (non-relativistic binding energies
of 2s and 2p are indicated as dashed lines). The posi-

tions where these lines cross outer orbitals mark the po-
sitions of resonances and they are highlighted by trans-
parent boxes extending over figures 2a) and 2b). It turns
out that these resonances group into three types, namely
core-to-outer-Rydberg (n = 2 ! n � 6), core-to-valence
(n = 2 ! n = 5), and core-to-core (n = 2 ! n = 4) as
previously predicted theoretically [19]. Resonances en-
hance the total photo absorption cross section up to 30-
fold. Because high cross sections mean that ionization
at the corresponding charge state becomes more likely,
the peak structure in the CSD is shifted towards higher
charge states compared to the peak structure in the cross
sections. The number and position of peaks in the ex-
perimental CSD is only reproduced by calculations when
both, resonant transitions and relativistic e↵ects, are in-
cluded.
Figure 3 shows the charge state distribution for X-ray

energies of a) 6.5 keV and c) 8.3 keV along with the four
calculations and the corresponding total photo absorp-
tion cross section in b) for 6.5 keV and in d) for 8.3 keV
photon energy. As for 5.5 keV, the photo ionization pre-
dominantly proceeds via ionization of the 2p orbital, so
that the charge state distributions of all three photon
energies look very similar up to Xe22+. Note that the
absolute ion yield decreases with higher photon energy
as the cross section reduces, e.g. for neutral Xe from
0.186 Mb at 5.5 keV to 0.119 Mb at 6.5 keV to 0.061 Mb
at 8.3 keV. While the maximum at Xe8+ stems from the
emission of all O shell electrons via Auger decay upon
single-photon L shell ionization, the small peak around
Xe26+ of the CSD marks the charge state where both O
and N shell are depleted (in ground state configuration).
The 2p3/2 binding energy surpasses the 6.5 keV photon
energy at Xe35+ and the cross section shows three signif-
icant peaks at subsequent charge states due to resonant
transitions. However, the resonances range over fewer
charge states and the peaks are much narrower than those
in the 5.5 keV cross section. That means, that there
are less electrons transported into outer valence shells
and a minimum in the photo absorption cross section is
less likely to be ”bridged” by autoionization processes.
For 8.3 keV photon energy depicted in figure 3c) and
d), the changes discussed for 6.5 keV become even more
apparent. The L shell direct ionization is not to close
before reaching Xe47+ which is barely reached at given
fluence and the reduced cross section. Furthermore, the
M shell is (in ground state configuration) depleted for
charge states higher than Xe44+ requiring that two elec-
trons are resonantly excited from the L into outer shells
before relaxation via Auger decay is possible.
The charge state distributions of these three photon en-

ergies indicate that REXMI is the stronger, the closer the
photon energy is to the ionization threshold. But unlike
in resonance enhanced multi-photon ionization (REMPI)
at optical photon energies [26, 27], the REXMI reso-
nances are hidden in the neutral atom and only appear

Preliminary results

> ~40× higher fluence than before 

> REXMI region: accurate 
electronic structure of bound and 
Rydberg states 

> Only relativistic, resonance 
calculation reproduces well the 
peak structure of experiment. 

> Importance of interplay between 
resonance and relativistic effects

Rudek, Toyota, et al., (in preparation).



Challenges for molecular dynamics at XFEL

> No ab initio theoretical tools available for high x-ray intensity 

§ coupled ionization and nuclear dynamics in the same time scales 
§ formidable task: e.g. CH3I ~ 200 trillion rate eqs at single geometry 
§ highly excited molecular electronic structure
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XMOLECULE 
§ quantum electrons, classical nuclei 
§ efficient electronic structure calculation: core-hole 

adapted basis functions calculated by XATOM 
§ Monte Carlo on the fly

Hao, Inhester, Hanasaki, Son & Santra, Struc. Dyn. 2, 041707 (2015). 
Inhester, Hanasaki, Hao, Son & Santra, PRA 94, 023422 (2016).



XMOLECULE: Electronic structure

> Efficient electronic structure calculation required 

> Hartree-Fock-Slater method 

> Bound states: LCAO-MO 
 
 

§ Core-hole-adapted NAO  
§ Matrix eigenvalue problem of Nbasis×Nbasis 
 

> Cross sections and rates calculated on the fly for given elec. structure 

> Gradients calculated on the fly for given electronic structure
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> NAO: numerical atomic orbitals calculated by XATOM 

> Molecular core-hole states with corresponding atomic core-hole states 

> Good treatment for molecular core-hole states with a minimal basis set
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XMOLECULE: Core-hole-adapted NAOs
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Molecular cross sections and rates

> Molecular continuum approximated by atomic continuum: 

> Photoionization cross section 
 
 

> Fluorescence rate 

> Auger rate: one-center approximation
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Various multiple-hole states of CO
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All possible multiple-hole configurations (N=2187)  
formed by x-ray multiphoton ionization (at single molecular geometry)
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ULTRAFAST DYNAMICS

Imaging charge transfer in
iodomethane upon
x-ray photoabsorption
Benjamin Erk,1,2,3* Rebecca Boll,1,2,3 Sebastian Trippel,4 Denis Anielski,1,2,3

Lutz Foucar,2,5 Benedikt Rudek,2,3,6 Sascha W. Epp,2,3 Ryan Coffee,7 Sebastian Carron,7

Sebastian Schorb,7 Ken R. Ferguson,7 Michele Swiggers,7 John D. Bozek,7

Marc Simon,8,9 Tatiana Marchenko,8,9 Jochen Küpper,4,10,11 Ilme Schlichting,2,5

Joachim Ullrich,6,2,3 Christoph Bostedt,7 Daniel Rolles,1,2,5 Artem Rudenko12,2,3*

Studies of charge transfer are often hampered by difficulties in determining the charge
localization at a given time. Here, we used ultrashort x-ray free-electron laser pulses to
image charge rearrangement dynamics within gas-phase iodomethane molecules during
dissociation induced by a synchronized near-infrared (NIR) laser pulse. Inner-shell
photoionization creates positive charge, which is initially localized on the iodine atom.
We map the electron transfer between the methyl and iodine fragments as a function of
their interatomic separation set by the NIR–x-ray delay. We observe signatures of
electron transfer for distances up to 20 angstroms and show that a realistic estimate of
its effective spatial range can be obtained from a classical over-the-barrier model. The
presented technique is applicable for spatiotemporal imaging of charge transfer dynamics
in a wide range of molecular systems.

C
harge-transfer and charge-migration
processes—in particular, electron transfer—
drive numerous important transformations
in physics, chemistry, and biology (1–4).
A crucial issue for experimental studies

of such phenomena is the need to trace the
spatial localization of charge at a given time.
Earlier experiments exploited local photoexci-
tation of donor-acceptor constituents (5, 6) or
selective valence photoionization (2, 7) to trigger
the electron transfer, which was traced by reso-
nant absorption (2, 6), ion mass spectrometry (7)
or time-resolved fluorescence (5, 6). Because of
their element specificity, x-rays can be efficiently
employed to probe charge-transfer dynamics, trig-
gered either by a synchronized optical pulse (8),
or by the x-ray absorption itself (9). When short-

pulsed x-rays are used to initiate the dynamics—
for example, by inner-shell ionization—the initial
charge can be induced with a high degree of spa-
tial and temporal localization. Therefore, recent
developments of intense, ultrashort radiation
sources in the extreme-ultraviolet and x-ray
domain, such as high-harmonic generation and

free-electron lasers (FELs), have opened up a pro-
misingway to image charge-transfer processes in
space and time with atomic resolution. Moreover,
ultrafast dynamics after x-ray absorption—i.e.,
electronic rearrangement coupled to nuclearmo-
tion (10)—determinemechanisms and time scales
of radiation damage (11, 12), which is of particular
relevance for imaging applications employing
these light sources (13–15).
Here, we report on the direct experimental

mapping of charge-transfer dynamics upon inner-
shell ionization of a small polyatomic molecule,
iodomethane (CH3I). As sketched in Fig. 1, we
first dissociate themolecule using a femtosecond
near-infrared (NIR) laser and then ionize the sys-
tem with an intense x-ray pulse from the Linac
Coherent Light Source (LCLS) (16) at different
internuclear separations that are defined by the
delay between the NIR and the x-ray pulses. At
the intensity chosen in our experiment, the NIR
dissociation predominantly proceeds as two-body
breakup, creating CH3 and atomic I fragments,
both either neutral or singly charged (17, 18).
The x-ray pulse, arriving after awell-defined time
delay, ionizes almost exclusively the M shell of
the iodine atom, because for the photon energy
of 1500 eV used here, its x-ray absorption cross
section is ~60 times as high as that of the rest of
themolecule (19). Inner-shell photoionization and
subsequent fast (subfemtosecond) Auger decay,
which does not involve the valence electrons,
induces a positive charge that is initially strong-
ly localized on the iodine site. The charge then
spreads over the entire molecule, which under-
goes fast breakup. Depending on the internuclear
distance at the time of the x-ray absorption, two
different regimes of this charge redistribution
can be considered. When treating the iodine ion
and themethyl group in the dissociatingmolecule
as two independent systems, where the valence
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Fig. 1. Schematic of the NIR pump–x-ray probe experiment.The 800-nm NIR pulse (red) dissociates
themolecule.The x-ray pulse (purple) arrives after a certain time delay and creates one or a few inner-shell
vacancies through absorption of single or multiple photons by the iodine M shell.This is followed by a fast
local Auger decay that creates additional charge. For each of the dissociation channels, the delay between
the NIR and the x-ray pulses can bemapped onto the resulting internuclear distance R at the time of the
x-ray pulse arrival. At small delays (A), i.e., in a bound molecule, the delocalized valence electrons can
move between the atoms and participate in the decay processes filling the inner-shell holes at the iodine
site, such that the resulting charge is shared between the two fragments. In the intermediate regime (B),
the electrons exhibit a certain degree of localization, and the final charge distribution between the
fragments is defined by the R-dependent electron-transfer probability from the methyl group to the
iodine. At large delays (and, thus, at large internuclear separations) (C), the probability of charge transfer
between the two sites becomes negligible, and the final-state charge distribution results from the x-ray
interaction with the isolated methyl group and atomic iodine, respectively.

Molecules at low x-ray intensity
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Total charge: CH3SeH vs. Kr 

Erk et al., PRL 110, 053003 (2013).

CH3I: charge rearrangement as a 
function of bond distance 

Erk et al., Science 345, 288 (2014).

electronic configuration and absorption cross section
(0.5 Mb), we find that while the total charge induced on
the system (up to 16 electrons are removed) is the same in
both cases, the highest final charge state of Se is consid-
erably lower (Se9þ as opposed to Kr16þ). By measuring
kinetic energy distribution (KED) of ionic fragments for a
given final charge state, and comparing them to the outcome
of a simple Coulomb explosion (CE) model, we trace the
evolution of the molecular geometry both during and after
the x-ray pulse and observe considerable displacement of the
nuclei on the time scale of sequential multiple ionization
and Auger decay. We find surprisingly high fragment ener-
gies for channels where the measured charge of the C ions
is higher than that of Se, pointing towards ultrafast charge
rearrangement occurring en route to these final states.

The experiment was performed at the LCLS AMO beam
line at SLAC using the CFEL ASG Multi-Purpose end
station (CAMP) [17]. The LCLS x-ray pulses at 2 keV
photon energy (peak fluence on target"15 !J=!m2, nomi-
nal pulse duration "5 fs FWHM [18]) were focused to a
"10 !m2 spot onto a supersonic jet of Kr atoms or methyl-
selenol molecules. The produced ions were projected onto a
time- and position-sensitive microchannel-plate detector
with a delay-line anode, allowing for reconstruction of the
3Dmomentumvectors ofmultiple fragments in coincidence.

Upon inner-shell ionization at the Se L edge, the methyl-
selenol molecule breaks up into few ionic fragments.
Figure 1(b) depicts the measured charge state distribution
of Se and C ions detected in coincidence. While the yield
typically decreases with increasing total charge, for a given
sum of Se and C charge the channels where the C fragment is
charged higher than Se have lower abundance, since photons
are almost exclusively absorbed by the Se constituent.
Considering only selenium and carbon ions, the highest

charge state combination observed with statistical signifi-
cance is Se9þ þ C3þ. Although proton fragments were
detected as well, we do not use them for the determination
of the total charge state of the molecule, because typically
more than one proton is ejected, and the total detection
efficiency becomes very low for coincidences of more
than three particles. Therefore, in order to estimate the
total charge, we assume that all hydrogen fragments
are charged, which is well justified for higher charge states
[19], but might deviate considerably for lower ones. The
deduced total charge for the methylselenol molecule is
shown in Fig. 1(c) in comparison with the charge state
distribution measured for Kr atom under identical experi-
mental conditions.
The results in Fig. 1(c) show that although the individual

charge of the Se atom is much lower than for Kr, the
maximum total charge induced on the molecule (16þ)
and the overall charge state distribution is very similar to
the atomic case. Since the highest charge state produced by
one-photon ionization at this photon energy is Kr7þ [20], a
significant part of the distribution results from multi-
photon absorption. This is illustrated in Fig. 2, where the
measured yields of several representative coincident chan-
nels are plotted as a function of the LCLS pulse energy.

FIG. 1 (color). (a) Geometry of the methylselenol molecule.
(b) Measured yield of coincident Se and C ion pairs for different
final charge states. (c) Sum charge induced on the molecule
compared to the charge state distribution observed in Kr under
the same conditions. The heavy ion charge represents the sum of
Se and C charges measured in coincidence, whereas the CH3SeH
charge denotes the total charge of the molecule assuming that
four Hþ ions were produced.

FIG. 2 (color). Yields of 8 exemplary heavy-ion coincident
channels measured as a function of the FEL intensity. The power
dependence of the ion yield as deduced from the slope in this
double logarithmic representation gives insight into the number
of photons n needed to reach a certain final charge state
(see text). To guide the eye, lines with slopes indicated on the
right are drawn through the experimental data.

PRL 110, 053003 (2013) P HY S I CA L R EV I EW LE T T E R S
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Total charge of molecule is similar to atomic charge. 
Heavy atom charges are reduced after charge rearrangement. 

 
Still valid for high x-ray intensity?



Iodomethane at higher x-ray intensity
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> New experimental setup:  
LCLS CXI using nano-focus  
➔ new realm of intensity 
    approaching ~1020 W/cm2 

> Selective ionization on heavy atom 

> X-ray multiphoton ionization occurs at high intensity 

> Charge imbalance induces charge rearrangement 

> Coulomb explosion after/during ionization & charge rearrangement

CH3I @ 8.3 keV
σ(I)~50 kbarn 
σ(C)~80 barn 
σ(H)~8 mbarn

Daniel Rolles 
at KSU

Artem Rudenko 
at KSU

LCLS 
experiment
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CH3I 54+

What happened?

> Unprecedentedly intense x-ray: approaching 1020 W/cm2 

> Dramatic change: >50 electrons ejected after >20 x-rays absorbed 

> Ultrafast dynamics: femtosecond time scale
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Comparison of CSD and KER

> Capturing ultrafast ionization and fragmentation dynamics 
§ CSD (charge-state distribution): direct outcome of ionization dynamics 
§ KER (kinetic energy release): molecular information when it breaks 

apart, influenced by detailed dynamical behaviors
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CSD of I and CH3I KER of I fragment

Rudenko et al., Nature 546, 129 (2017).
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Direct photoabsorption by the carbon or hydrogen atoms is negligible,  
owing to very small cross-sections. The created charge imbalance drives 
a rearrangement of electrons from the methyl group towards the iodine 
atom, refilling the created holes and thus lowering the charge of the 
latter. For each ionization step, this charge rearrangement occurs on a 
subfemtosecond timescale and so is much faster than the overall ioni-
zation dynamics, such that the electrons can be considered to rearrange 
instantaneously. For single-photon absorption, the total molecular 
charge remains essentially the same after this rearrangement, with 
only a slight enhancement due to the new relaxation channels that are 
possible in a molecular environment29. In the high-fluence regime, 
however, other X-ray photons are likely to be absorbed by the heavy 
atom, cycling through this charge redistribution process multiple times. 
At the peak intensities reached in our experiment, the iodine fragment 
sequentially absorbs more than 20 X-ray photons, and the total charge 
of the molecule is mainly limited by the number of electrons that  
are available from the molecular environment to fill the vacancies that 
are created at the iodine site.

We predict that this charge-rearrangement-enhanced X-ray ioniza-
tion of molecules (CREXIM), which we report here for CH3I, plays an 
important part in the quantitative understanding of radiation damage 
of polyatomic systems irradiated by very intense X-ray pulses, and 
will be even more pronounced for larger systems. A first indication is 
given by our experimental results for iodobenzene molecules shown 
in Fig. 1a, for which we observe the charging of a heavy fragment to a 
degree comparable to the case of isolated atoms despite the presence 
of a benzene ring, which can provide numerous additional electrons as 
compared to the case of CH3I. This is very different from the  outcome 
of previous experiments with iodouracil molecules under less intense 
hard X-rays25, in which the highest iodine charge state detected from 
the molecule was I4+, compared to Xe18+ that was produced under  
similar experimental conditions from isolated xenon atoms18. Even 
though we cannot unambiguously determine the total molecular 
charge for C6H5I, the measured distribution of light ionic fragments, 
which is dominated by CH+, C+, C2+, C3+ and H+ ions, indicates that, 
on average, they carry more than 10 charges in total. Therefore, we 
 conclude that for the highest intensities, for which the iodine charge 
state reaches I45+, the total charge of C6H5I exceeds the value of 54+  
reached for CH3I.

For a small molecular system such as CH3I, the theoretical model 
described here enables detailed analysis of the evolving electronic 
structure that is interweaved with nuclear dynamics. To further test 

the predictive power of the model, we compare the measured and cal-
culated kinetic energies for iodine ions in Fig. 3. The kinetic energies of 
the fragments are sensitive to the detailed fragmentation dynamics and, 
in particular, set boundary conditions for the times and internuclear 
separations at which the ionic charges are formed. The kinetic energies 
that are expected for an instantaneous ionization to a given final charge 
state are also plotted, which substantially overestimate the measured 
values because the charging does not happen  instantaneously. Our 
 analysis shows that the kinetic-energy distribution (KED) is sensitive 
to the temporal pulse shape used for the calculations, so the experimen-
tally determined temporal profile of the X-ray pulse30 (see Methods 
and Extended Data Fig. 1) needs to be taken into account. As can be 
seen from Fig. 3, calculations for Gaussian pulses do not match the 
experimental values, especially for the highest charge states. In contrast, 
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instantaneous ionization.
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Figure 4 | Simulated evolution of molecular geometry and charge 
distribution. a, Snapshots of molecular charges and nuclear positions at 
different times t before and after the peak of the X-ray pulse (t =  0) for an 
exemplary trajectory. The atoms are coloured as in Fig. 2c. Contour lines 
of the electron density are shown as shaded grey areas. The internuclear 

separations in the right-most panel are not to scale. b, Time-dependent 
average partial charge of different fragments and total charge. c, Time-
dependent average carbon–iodine distance. The shaded grey areas in b and 
c depict the temporal envelope of a Gaussian pulse with a 30-fs FWHM.  
A fluence of 5 ×  1012 photons per µ m2 is used.
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To shed light on the mechanism of this enhanced   molecular 
ionization, we present in Fig. 2a a comparison of the results of a 
 theoretical analysis of the multiple X-ray ionization of CH3I using the 
XMOLECULE toolkit26. Figure 2a displays the calculated charge-state 

distribution of iodine ions and the total charge of the molecule. The 
results of the calculation are averaged over the spatial distribution of 
the pulse intensity so that they can be compared to the experimental 
data for iodine ions. The theoretical predictions agree reasonably well 
with the outcome of the experiment, indicating that our theoretical 
model adequately describes the essential mechanisms of CH3I ioni-
zation in ultra-intense hard X-ray pulses. The calculations also show 
that the total charge of the molecule for high charge states is shifted 
by 7 with respect to the charge-state distribution for iodine, in good 
agreement with the experimental finding that C4+ and 3H+ ions are 
produced when the molecule is highly ionized. To understand the 
 fluence dependence of the molecular ionization process, we present in 
Fig. 2b the average total charge state of the CH3I molecule calculated 
as a function of the fluence (without focal volume averaging) and the 
prediction of an independent-atom model. The results show that for 
low fluences (at which earlier experiments14–19,25 have been conducted) 
the total charge state is equivalent to the case of a system of isolated 
atoms (which, in turn, is nearly identical to that of the heavy atom), 
whereas molecular effects considerably enhance the level of ionization 
at higher fluences.

This enhancement can be qualitatively understood by recurrent 
charge redistribution upon multiphoton X-ray absorption, as sketched 
in Fig. 2c. At 8.3 keV, photoabsorption occurs predominantly in the 
2s and 2p shells of iodine, and the subsequent Auger decay of these 
L-shell vacancies is followed by a cascade of further Auger processes 
that creates a high charge that is initially localized at the iodine site. 
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Figure 2 | Enhanced ionization of the molecule. a, Calculated (blue) 
and measured (black) charge-state distribution of iodine ions from 
CH3I molecules. The pulse parameters are the same as for Fig. 1a. The 
experimental data are accumulated over 287,400 shots. The calculated total 
charge of the molecule is shown in red. The error bars reflect the statistical 
uncertainty of the data (1 s.d.). The CH3I molecule is sketched above the 
plot, with atoms coloured as in Fig. 1a. b, Average total molecular charge 
as a function of fluence calculated for CH3I molecules (red) and within 
the independent-atom model (black). The fluence values corresponding 
to Fig. 1a and b are marked with red and blue bars, respectively. The error 
bars show the standard error of the mean. c, Illustration of the CREXIM 
mechanism. In the molecule (upper row), the repeated ionization (blue 
and orange arrows) of the iodine atom drives electrons from the methyl 
group to the iodine (orange shading), such that there are more electrons 
available for ionization compared to independent atoms (lower row). The 
darkness of the shading of the atoms indicates the number of electrons that 
remain in the atoms.
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Figure 1 | Experimental charge-state distributions. a, Charge-state 
distributions of iodine ions emitted from CH3I (black squares) and 
C6H5I (blue triangles) molecules upon irradiation by 8.3-keV pulses 
with an average pulse energy of 1.1 mJ. Red circles show the charge-state 
distribution obtained from atomic xenon under the same conditions. The 
data are accumulated over 287,400 shots for CH3I, 212,880 shots for C6H5I 
and 372,600 shots for xenon. The curves are normalized to have an integral 

charge of 1. The error bars reflect the uncertainty of the data (1 s.d.) due to 
the finite counting statistics. The CH3I and C6H5I molecules are sketched 
above the plot, with the iodine atom highlighted in purple, carbon atoms 
in grey and hydrogen atoms in white. b, Yield of carbon and iodine ion 
pairs detected in coincidence after CH3I ionization by pulses with the 
same parameters as in a but with the pulse energy reduced to 0.4 mJ.  
The data are accumulated over 1,242,850 shots.
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Molecular ionization enhancement
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Ionization enhanced by charge rearrangement
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> Electrons from light atoms become available for further ionization on 
heavy atoms after charge rearrangement. 

> CREXIM: Charge-Rearrangement-Enhanced X-ray Ionization of Molecules 

> Impact on molecular imaging: not reducing partial charges of heavy atoms 
due to charge rearrangement, but inducing more ionization overall
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The bigger molecule, the larger effect

> Coincidence measurement at intermediate intensity: higher iodine 
charge always along with highest carbon charge 

> Estimated molecular charge: Xe48+, CH3I54+, and C6H5I>54+
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To shed light on the mechanism of this enhanced   molecular 
ionization, we present in Fig. 2a a comparison of the results of a 
 theoretical analysis of the multiple X-ray ionization of CH3I using the 
XMOLECULE toolkit26. Figure 2a displays the calculated charge-state 

distribution of iodine ions and the total charge of the molecule. The 
results of the calculation are averaged over the spatial distribution of 
the pulse intensity so that they can be compared to the experimental 
data for iodine ions. The theoretical predictions agree reasonably well 
with the outcome of the experiment, indicating that our theoretical 
model adequately describes the essential mechanisms of CH3I ioni-
zation in ultra-intense hard X-ray pulses. The calculations also show 
that the total charge of the molecule for high charge states is shifted 
by 7 with respect to the charge-state distribution for iodine, in good 
agreement with the experimental finding that C4+ and 3H+ ions are 
produced when the molecule is highly ionized. To understand the 
 fluence dependence of the molecular ionization process, we present in 
Fig. 2b the average total charge state of the CH3I molecule calculated 
as a function of the fluence (without focal volume averaging) and the 
prediction of an independent-atom model. The results show that for 
low fluences (at which earlier experiments14–19,25 have been conducted) 
the total charge state is equivalent to the case of a system of isolated 
atoms (which, in turn, is nearly identical to that of the heavy atom), 
whereas molecular effects considerably enhance the level of ionization 
at higher fluences.

This enhancement can be qualitatively understood by recurrent 
charge redistribution upon multiphoton X-ray absorption, as sketched 
in Fig. 2c. At 8.3 keV, photoabsorption occurs predominantly in the 
2s and 2p shells of iodine, and the subsequent Auger decay of these 
L-shell vacancies is followed by a cascade of further Auger processes 
that creates a high charge that is initially localized at the iodine site. 
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Figure 2 | Enhanced ionization of the molecule. a, Calculated (blue) 
and measured (black) charge-state distribution of iodine ions from 
CH3I molecules. The pulse parameters are the same as for Fig. 1a. The 
experimental data are accumulated over 287,400 shots. The calculated total 
charge of the molecule is shown in red. The error bars reflect the statistical 
uncertainty of the data (1 s.d.). The CH3I molecule is sketched above the 
plot, with atoms coloured as in Fig. 1a. b, Average total molecular charge 
as a function of fluence calculated for CH3I molecules (red) and within 
the independent-atom model (black). The fluence values corresponding 
to Fig. 1a and b are marked with red and blue bars, respectively. The error 
bars show the standard error of the mean. c, Illustration of the CREXIM 
mechanism. In the molecule (upper row), the repeated ionization (blue 
and orange arrows) of the iodine atom drives electrons from the methyl 
group to the iodine (orange shading), such that there are more electrons 
available for ionization compared to independent atoms (lower row). The 
darkness of the shading of the atoms indicates the number of electrons that 
remain in the atoms.
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Figure 1 | Experimental charge-state distributions. a, Charge-state 
distributions of iodine ions emitted from CH3I (black squares) and 
C6H5I (blue triangles) molecules upon irradiation by 8.3-keV pulses 
with an average pulse energy of 1.1 mJ. Red circles show the charge-state 
distribution obtained from atomic xenon under the same conditions. The 
data are accumulated over 287,400 shots for CH3I, 212,880 shots for C6H5I 
and 372,600 shots for xenon. The curves are normalized to have an integral 

charge of 1. The error bars reflect the uncertainty of the data (1 s.d.) due to 
the finite counting statistics. The CH3I and C6H5I molecules are sketched 
above the plot, with the iodine atom highlighted in purple, carbon atoms 
in grey and hydrogen atoms in white. b, Yield of carbon and iodine ion 
pairs detected in coincidence after CH3I ionization by pulses with the 
same parameters as in a but with the pulse energy reduced to 0.4 mJ.  
The data are accumulated over 1,242,850 shots.
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Molecular black hole

!41Sang-Kil Son  |  What happens to atoms and molecules during XFEL pulses? |  June 22, 2017 |       / 42
Center for Free-Electron Laser Science
CFEL is a scientific cooperation of the three organizations: 

DESY – Max Planck Society – University of Hamburg

DESY news:  
http://www.desy.de/news/news_search/
index_eng.html?openDirectAnchor=1232 

The extremely intense X-ray flash knocks 
so many electrons out of the iodine atom 
(right) such that it pulls in the electrons of 
the methyl group (left) like an 
electromagnetic version of a black hole, 
before finally spitting them out.

Credit: DESY/Science Communication Lab

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

http://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=1232
http://www.desy.de/news/news_search/index_eng.html?openDirectAnchor=1232


Summary

> Enabling tools to investigate x-ray multiphoton physics of atoms, 
molecules, and clusters exposed to high intensity x-ray pulses 

> X-ray multiphoton ionization dynamics of Xe 
§ interplay between resonance and relativistic effects 

> X-ray-induced ultrafast explosion dynamics of CH3I 
§ first quantitative comparison for molecules under XFEL irradiation 
§ molecular ionization enhancement via CREXIM
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XATOM XMOLECULE XMDYN  
(Talk by Zoltan last week)

H

HCI

H



CFEL-DESY Theory Division
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Collaboration of CH3I LCLS experiment

Experiment team 
Kansas State University    S. J. Robatjazi, X. Li, D. Rolles, A. Rudenko  
DESY, Hamburg    B. Erk, R. Boll, C. Bomme, E. Savelyev  
PTB, Braunschweig    B. Rudek  
MPI for Medical Research, Heidelberg    L. Foucar  
Argonne National Lab.    Ch. Bostedt, S. Southworth, C. S. Lehmann, B. Kraessig, L. Young 
UPMC, Paris    T. Marchenko, M. Simon 
Tohoku University, Sendai    K. Ueda 
LCLS, SLAC National Accelerator Laboratory    K. R. Ferguson, M. Bucher, T. Gorkhover, 

S. Carron, R. Alonso-Mori, G. Williams, S. Boutet  

Theory team 
CFEL, DESY    L. Inhester, K. Hanasaki, K. Toyota, Y. Hao, O. Vendrell, S.-K. Son, R. Santra 
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