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XFEL: X-ray free-electron laser

> Ultraintense: up to ~1020 W/cm2 

> 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).



Interacting with ultraintense x-ray pulses

> 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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X-ray multiphoton ionization dynamics
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Quantitative comparison of ion yields
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To summarize, we have presented experimental and simulated
ion charge state distributions for the photo-ionization of xenon
atoms with intense FEL pulses at photon energies of 1.5 and
2.0 keV. Based on detailed calculations, we conclude that the cre-
ation of unprecedentedly high xenon charge states at 1.5 keV is
due to a transient resonance-enhanced absorption mechanism
dubbed REXMI which is further corroborated by experimental
X-ray fluorescence spectra. The REXMI mechanism is expected to
be a general mechanism for multiple ionization of high-Z atoms
induced by intense, short-pulse X-rays. It can occur in a broad
photon energy range above each inner-shell ionization threshold
of a given high-Z atom, assuming that a sufficiently high X-ray
photon density is available to drive sequential multi-photon ioniz-
ation. REXMI can be compared to the well-known phenomenon
of resonance-enhanced multi-photon ionization (REMPI) in the
optical domain39,40; however, resonant conditions in REXMI are

achieved by the production of highly charged ionic species created
during the course of a single X-ray pulse. In place of multiphoton
absorption by single electrons in REMPI, REXMI is characterized
by multielectron excitation accompanied by electron-correlation-
driven relaxation processes. For certain photon energy ranges,
REXMI results in a strong resonant increase in the X-ray absorption
cross-sections and hence leads to enhanced photo-ionization, which
dramatically increases energy absorption in the target. This effect
may be used to efficiently create highly excited, dense plasmas of
high-Z atoms, for example in clusters or condensed matter
systems. For applications such as the diffractive imaging of single
molecules, nanoparticles and other materials (especially those con-
taining substantial amounts of high-Z constituents such as iron,
gold and so on), our results suggest the need for a careful choice
of photon energy to avoid significantly increased radiation
damage due to enhanced absorption and photo-ionization. This
detrimental effect can be reduced by using a narrower-band X-ray
source (for example, a seeded FEL), because fewer of the densely
spaced resonances can be excited. In addition, REXMI can be
avoided by choosing a photon energy sufficiently above the
nearest inner-shell threshold, where smaller X-ray absorption
cross-sections make it difficult to reach the high charge states
where REXMI commences.

Methods
Summary. Experiments were performed with intense, short-pulse X-rays produced
by the LCLS Free-Electron Laser1, which were focused by Kirkpatrick–Baez
mirrors to an estimated 3 × 3 mm2 (full-width at half-maximum, FWHM),
intersecting with an atomic xenon gas jet inside the Center for Free-Electron Laser
Science-Advanced Study Group (CFEL-ASG) Multi-Purpose (CAMP) instrument41

installed at the LCLS Atomic Molecular and Optical (AMO) beamline42. Ion charge
state spectra were recorded by an ion TOF mass spectrometer that accepted all ions
produced in the interaction region within the 80 mm diameter of the spectrometer
electrodes. Simultaneously, X-ray fluorescence was detected with a solid angle of
1.0 sr by a pair of high-speed, single-photon-counting X-ray p-n junction charge-
coupled device (pnCCD) detectors41 with an intrinsic spectral resolution of the
pnCCD detectors of "100 eV at 1.5 keV for the chosen operation parameters.

To calculate the response of the xenon atoms to the LCLS pulses, we extended
the model described in refs 2 and 8. Using the Hartree–Fock–Slater method, we
calculated photo-ionization cross-sections, Auger and Coster–Kronig rates, and
fluorescence rates for all possible q-hole configurations of Xeqþ. The calculated
cross-sections and rates serve as input parameters for a set of rate equations for the
time-dependent populations of the configurations. For xenon in the photon energy
range 1.5–2.0 keV, we had more than one million coupled rate equations, which were
solved using a Monte Carlo method. We calculated the charge state distribution and
fluorescence spectrum for each set of X-ray pulse parameters, assuming a Gaussian
temporal profile. The charge state distribution was integrated over the three-
dimensional interaction volume defined by a circular Gaussian FEL beam profile
of 3 × 3 mm2 (full width at half maximum (FWHM)) and a gas jet diameter of
4 mm (FWHM).

Experiments. Measurements were performed in the CAMP instrument41

downstream of the LCLS AMO ‘high-field physics’ endstation42 during two
beamtimes in November 2009 and January 2011, respectively. On its way to the
interaction point in the CAMP chamber, the X-ray beam produced by the LCLS
undulators was reflected on three steering and two KB-focusing mirrors, resulting in
an estimated beamline transmission of "35% and an X-ray focus size of "3 ×
3 mm2 (FWHM) at 2.0 keV. Thus, at a maximum pulse energy of 2.6 mJ as measured
by the LCLS gas detectors43 upstream of the beamline optics, the estimated
maximum pulse intensity in the interaction zone was "1 × 1017 W cm22 and the
maximum fluence "90 mJ mm22. To perform intensity or fluence-dependent
measurements, the X-ray intensity was reduced by introducing nitrogen gas with
variable pressure into an attenuator chamber located between the two pairs of
gas detectors.

At the position of the X-ray focus inside the CAMP chamber, which had a base
pressure of 2 × 10210 mbar, a thin supersonic jet of xenon atoms with an
approximate diameter of 4 mm (FWHM) was intersected with the X-ray beam from
LCLS (operated at 30 and 120 Hz, respectively) in the extraction region of a TOF
mass spectrometer41, which had an acceptance of 80 mm along the beam direction.
After a flight distance of 21 cm from the interaction point, the ions produced by the
interaction of the FEL pulse with the gas target were (post-)accelerated to 2.45 keV
for the detection on a V-stack microchannel plate (MCP) detector. The MCP signal
trace was recorded for each FEL shot with an Acqiris DC282 digitizer, and each ion
hit was identified in post-analysis using a software constant fraction discriminator
such that the effect of pulse height variations due to varying MCP efficiency for
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Figure 5 | Xenon ion yield for selected charge states Xeq1 as a function of
X-ray fluence. a,b, Measurements for photon energies of 1.5 keV (a) and
2.0 keV (b) and a nominal FEL pulse length of 80 fs. The fluence at 2.0 keV
is calculated from the X-ray pulse energy measured by the LCLS gas
detectors (top axis) assuming a 3 × 3 mm2 focus and 35% beamline
transmission. To correct for gas detector nonlinearities at FEL pulse energies
below 1 mJ, the gas detector readings were recalibrated using a linear ion
signal (that is, Hþ ions created from residual gas). Calculated ion yields
(without inclusion of REXMI) are shown as solid lines. To guide the eye,
lines with slopes indicated in black are drawn through the experimental data
points before they reach saturation. Error bars in the experimental data
reflect statistical error only.
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Xe@2 keV

§ Nonlinear behavior 
§ Highly charged ions 

generated 
§ Good agreement 

with theory



Challenges for molecular dynamics at XFEL
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Total molecular 
charge
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t = 0 fs

t = 45 fs

t = 10 fs

> No ab initio theoretical tools available 

§ Coupled ionization and nuclear dynamics 
in the same time scales 

§ Extremely complicated ionization dynamics 
§ Highly excited electronic structure

XMOLECULE 
§ Quantum electrons, classical nuclei 
§ Core-hole adapted basis functions 
§ Monte Carlo on the fly



XMOLECULE: Numerical details

> Hartree-Fock-Slater method 

> Bound states: LCAO-MO with 
core-hole-adapted numerical 
atomic orbitals calculated by 
XATOM 

> Continuum states: approximated by 
atomic continuum calculated by XATOM 

> Cross sections, rates, and gradients 
calculated on the fly for given electronic 
and nuclear configuration
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Yajiang Hao 
Now at USTB 

(Beijing)

Ludger InhesterKota Hanasaki 
Now at Tohoku Univ.

N2
3+

N+: 1s12s22p3 N2+: 1s02s22p3
Hao et al., Struct. Dyn. 2, 041707 (2015). 

Inhester et al., Phys. Rev. A 94, 023422 (2016).



Ionization steps in a water molecule
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Example: Ionization steps for a water molecule

fixed geometry

el. density

I Electron density contracts upon sequencial ionization/Auger
1
Inhester et al. PRA 94 023422 (2016)

6 / 15

Inhester, Hanasaki, Hao, 
Son & Santra, Phys. Rev. A 
94, 023422 (2016).

§ N of electronic configurations for H2O ➔ 35 = 243 
§ N of electronic configurations for CH3I ➔ 2×1014



Iodomethane in ultraintense x-ray pulses
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> New experimental setup:  
LCLS CXI using nano-focus  
➔ new realm of intensity 
    approaching ~2×1019 W/cm2

CH3I @ 8.3 keV

σ(I)~50 kbarn 
σ(C)~80 barn 

σ(H)~8 mbarn

Daniel Rolles 
at KSU

Artem Rudenko 
at KSU

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

DESY – Max Planck Society – University of Hamburg

LETTERRESEARCH

Extended Data Figure 2 | Experimental ion yield of CH3I after 
photoionization with ultra-intense LCLS pulses at a photon energy of 
8.3 keV. a, Ion yield (colour scale) plotted as a function of the measured 
TOF and hit (X) position on the detector. In addition to the mass-to-
charge ratio, this spectrum also shows the scaled momentum distribution 

of each fragment projected onto the x–z plane, which can be seen as the 
spread in the measured TOF and position peak for each ion species. The 
LCLS pulse parameters are the same as for Fig. 1a. The experimental data 
are accumulated over 287,400 LCLS shots. b, Same as a, but zoomed into 
the region of short TOFs, that is, high charge states.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Selective ionization on heavy atom Measurement of ion ToF and hit position

Rudenko et al., Nature 546, 129 (2017).

Benjamin Erk 
at DESY



Capturing ultrafast explosion dynamics
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Comparison between theory & experiment

> CSD (charge-state distribution) and KER (Kinetic energy releases): 
sensitive to detailed ionization and fragmentation dynamics 

> Capturing the essence of ionization and fragmentation dynamics of 
molecules at high x-ray intensity
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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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Figure 3 | Kinetic energies of the iodine ions. Measured (black) and 
calculated (red, green) mean values of the kinetic-energy distribution 
(KED) of iodine ions from CH3I are shown as a function of their charge 
state. The pulse parameters are the same as for Fig. 1a. The experimental 
data are accumulated over 287,400 shots. For the calculation, green 
triangles represent the results obtained using a Gaussian pulse shape 
with a FWHM of 30 fs, whereas red circles depict the values obtained 
using the measured pulse profile. The error bars show the standard error 
of the mean. The blue line depicts the energies that are expected for 
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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Ionization enhanced by charge rearrangement
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Back to the atom: resonance and relativity
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Xe@5.5 keV



XATOM extended to resonance & relativity

> Relativistic energy correction  
within first-order perturbation theory 

§ open new Coster-Kronig decay channels 
§ close photoionization channels earlier 
§ the closer to photon energy, the higher cross sections 

> Resonant photoexcitation cross section (REXMI) 

> Numerical complexity for Xe with nmax=30 and lmax=7  
                                ➔ 1068 electronic configurations to be considered!
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Comparison between theory & experiment

> ~40× higher fluence than the previous experiment 

> REXMI shows characteristic three peak structure 

> Importance of interplay between resonance and relativistic effects
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Predictive power of the ionization degree
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Towards complex systems: XMDYN

> XMDYN: X-ray molecular dynamics 

§ Classical dynamics for ions and free 
electrons 

§ Quantum treatment for bound electrons  
➔ combined with XATOM 

> First validation with LCLS (C60) and 
SACLA (Ar/Xe clusters) experiments 

§ Murphy et al., Nature Commun. 5, 4281 
(2014). 

§ Tachibana et al., Sci. Rep. 5, 10977 (2015). 

> Start-to-end simulation for single-
particle imaging at European XFEL 

§ Yoon et al., Sci. Rep. 6, 24791 (2016). 
§ Fortmann-Grote et al., IUCrJ 4, 560 (2017).
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Zoltan Jurek Malik M. Abdullah

solvated Thaumatin 
~ 12,000 atoms



Conclusion

> Enabling tools to investigate x-ray multiphoton physics of atoms and 
molecules exposed to intense XFEL pulses 

> Nonlinear behavior of atomic and molecular responses to intense x-rays 

> Molecular ionization enhancement (CREXIM) for CH3I:  
First quantitative comparison for molecules under XFEL irradiation 

> Interplay of resonance and relativistic effects for Xe: 
First quantitative comparison for REXMI in atoms under XFEL irradiation 

> New phenomena to be taken into account for future XFEL applications
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Collaboration of CH3I and Xe projects

Experiment team 
Kansas State University    S. J. Robatjazi, X. Li, D. Rolles, A. Rudenko  
DESY, Hamburg   R. Boll, C. Bomme, B. Erk, E. Savelyev  
PTB, Braunschweig    B. Rudek  
MPI for Medical Research, Heidelberg    L. Foucar  
Argonne National Lab.    Ch. Bostedt, M. Bucher, B. Kraessig, C. S. Lehmann, 

S. Southworth, L. Young 
UPMC, Paris    T. Marchenko, M. Simon 
Tohoku University, Sendai    K. Ueda 
LCLS, SLAC National Accelerator Laboratory    R. Alonso-Mori, S. Boutet, S. Carron, 

K. R. Ferguson, T. Gorkhover, J. E. Koglin, G. Williams 

Theory team 
CFEL-DESY Theory Division    K. Hanasaki, Y. Hao, L. Inhester, Z. Jurek, S.-K. Son, 

K. Toyota, O. Vendrell, R. Santra 
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XATOM and XMDYN are available
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Jurek, Son, Ziaja & Santra,  
J. Appl. Cryst. 49, 1048 (2016). 

Download executables of 
XATOM and XMDYN:  

https://www.desy.de/~xraypac/

Thank you for your attention!

https://www.desy.de/~xraypac/

