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Overview

> Introduction to XFEL 

> Theory / XATOM toolkit 

> Applications to XFEL experiments 

> Conclusion
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What is XFEL?

> XFEL: X-ray Free-Electron Laser 

> Ultraintense 
§ synchrotron: at most one photon absorbed 

per pulse 

§ XFEL: many photons absorbed per pulse 

§ fluence: ~1013 photons per µm2 per pulse 

§ peak intensity: ~1018 W/cm2 

> Ultrafast 
§ pulse duration: femtoseconds or sub-fs 

> Characteristics of X rays 
§ large penetration depth: small absorption 

probability 

§ element specific: inner-shell electrons 

§ Å wavelength: imaging with atomic resolution
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Black plate (337,1)

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).

r ¼ I

IA

A2
JJ K

2l2
w

32p 2g2s2
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" #1=3

: ð2Þ

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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> FLASH at DESY, Germany (2004) 

> LCLS at Stanford, USA (2009) 

> SACLA at RIKEN Harima, Japan (2011) 

> European XFEL, Germany (2015)
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Where are XFELs?
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SACLA

LCLS

FLASH and European XFEL on DESY campus
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What differences from optical strong-field?

> Optical strong-field regime 
§ tunneling or multiphoton processes 

§ valence-electron ionization 

> Intense X-ray regime 
§ mainly one-photon processes 

§ core-electron ionization 

§ multiphoton multiple ionization via a 
sequence of one-photon processes
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X rays
IR to UV
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Multiphoton Multiple Ionization

§ First LCLS experiment: fundamental atomic physics in XFEL 

§ Lots of x-ray photons: repeated K-shell ionization (P) followed by Auger relaxation (A) 

§ Good agreement between experiment and theory (Nina Rohringer and Robin Santra)

!6

ATOMIC PHYSICS

X-ray laser peels and cores atoms
Justin Wark

The world’s first kiloelectronvolt X-ray laser produces such a high flux of photons that atoms can be 
‘cored’. In other words, the light source can knock out both the electrons of an atom’s innermost shell.

What would you do if someone gave you an 
X-ray source with a spectral brightness that 
was 10 billion times greater than anything 
that had previously existed? Most of us might 
work out that we could shine it on something 
and see what happens, but it requires consider-
able skill and insight to design and interpret an 
experiment that provides fundamental knowl-
edge about how these ultra-intense X-rays 
interact with matter. Just such an experiment 
is reported by Young et al.1 on page 56 of this 
issue. The authors show how they can tailor the 
characteristics of the world’s first X-ray laser of 
kiloelectronvolt (keV) photon energy in a way 
that enables them to ‘peel’ or ‘core’ atoms.

The X-ray source in question is the Linac 
Coherent Light Source at SLAC National 
Accelerator Laboratory in Menlo Park, Cali-
fornia. This remarkable machine, which dem-
onstrated lasing for the first time in April last 
year2 and started operating as a full user facility 
about six months later, promises a revolution 
in X-ray science. As is the case for all X-ray 
sources, it allows matter to be probed at the 
interatomic length scale, which is a few ång-
ströms. What is transformative, however, is that 
it produces high-repetition-rate, ultra-bright 
pulses as short as a few tens of femto seconds 
(1 femtosecond (fs) being 10−15 seconds). Such 
pulses are shorter than the typical vibrational 
period of atoms in a solid and thus allow, in 
principle, atomic motion to be charted in  
real time. 

When the output of the X-ray source is 
focused to micrometre-scale spots, inten-
sities in excess of 1018 watts per square 
centimetre are produced — a regime that  
until now was the province of optical lasers. 
At such high intensities, a single X-ray laser 
pulse can result in many X-ray photons  
being absorbed by an atom, a situation that is 
highly unlikely even when using the bright-
est sources previously available (those emit-
ting synchrotron radiation). Understanding  
how light and matter interact in this new inten-
sity regime is the goal of the team led by Young 
and colleagues1.

The authors focused the X-rays into a jet of 
neon gas by reflecting them at grazing angles 
of incidence from curved mirrors. They then 

detected the electrons and ions that were pro-
duced by accelerating them in a fixed electric 
field: electrons and ions of different charges 
travelled at different velocities and so could 
be differentiated by their time of arrival at the 
detector. Next, they varied the photon energy 
of the X-ray laser between 800 eV and 2,000 eV, 
as well as the length of the laser pulses (or, more 
precisely, the length of the electron bunches 
used to produce them) from 230 fs to 80 fs. By 
scanning these parameters and then analysing 
the charge states of the ions, they found that the 
X-rays could ‘peel’ or ‘core’ the atoms.

Neon atoms have ten electrons: two in the 
inner K shell; and eight in the outer L shell. It 
takes an 870-eV photon to knock out a K-shell 
electron. Thus, with photon energies lower 
than this value, the team1 observed peeling of 
the atoms; that is, the X-rays stripped off many 
of the eight weakly bound electrons from the 
L shell (Fig. 1a). With photon energies higher 
than 870 eV, they observed (as is seen with 

conventional X-ray sources) the ejection of 
one of the two core electrons, briefly leaving 
the ions in a state with a core hole and only 
one electron in the K shell. This occurs only 
briefly because the core hole is rapidly filled 
by an electron from the L shell, although at 
slightly higher photon energies another photon 
could then eject this electron as well, leading 
to a complex refilling and ionization process. 
However, before that refilling might occur, the 
remaining K-shell electron, which is no longer 
receiving the shielding that would be provided 
by its companion, becomes even more tightly 
bound to the neon nucleus. Indeed, a photon 
of energy 993 eV would be needed to eject this 
electron also and create two core holes.

As Young et al. demonstrate, significant  
new physics occurs if the photon energy is 
higher than 993 eV. Beyond this critical energy, 
the photon density within the focal spot of the 
X-ray laser is so great that both of the inner 
electrons can be ejected during the laser pulse 
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Figure 1 | Peeling and coring of atoms. Young and colleagues1  have used an ultra-intense X-ray laser 
source to knock out electrons from neon atoms. a, Below an energy value of 870  eV — the energy it 
takes to knock out a K-shell electron — X-rays strip some of the eight weakly bound electrons from the 
outer L shell of the neon atom — a process that can be thought of as peeling the atom. b, Above 993  eV, 
both electrons from the inner K shell can be knocked out, ionizing the atom from the inside out — in 
other words, coring the atom. (Adapted from Encyclopædia Britannica.)
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measured and calculated decay rates37–39 . (We note that this is the first
observation of sequential two-photon production of hollow neon
atoms and that the yield, ,10%, is ,303 larger than the 0.3%

yield—observed in synchrotron radiation studies—that naturally
results from electron correlation in the 1s shell36 .) The resulting ratios
of double-to-single core-hole formation for 1,050-eV X-ray pulses of
nominal duration 80 fs are shown in Fig. 5 together with simulations.
The simulations for 20 fs and 40 fs form a family from which the
observed double-to-single core-hole ratio can be used to estimate the
X-ray pulse duration. As is apparent, the X-ray pulse duration appears
much shorter than the nominal 80 fs, in agreement with the ion-charge-
state transparency data, Fig. 3a. Thus, two independent methods yield
the same result—that the nominal ,80-fs mode of operation actually
produces X-ray pulses of shorter duration, ,20–40 fs, similar to obser-
vations at the FLASH free-electron laser facility40. Our observations
provide a further example41 of how ultrafast electronic transitions
can be used to characterize X-ray free-electron-laser pulses.

Our observations also provide experimental evidence for the advan-
tageous radiation-hardening effect of using ultra-intense X-ray pulses,
and thus have positive implications for proposed single-molecule-
imaging experiments2. Intense, short X-ray pulses induce transparency
via photoejection of both 1s electrons to produce hollow atoms. The
hollow-atom configuration can be maintained through the ionization
process, as sketched in Fig. 3c. As hollow atoms are nominally trans-
parent, the damaging X-ray photoabsorption channel is decreased
relative to the imaging (coherent scattering) channel. To be quantitat-
ive, the photoabsorption cross-section, sphoto, for hollow neon is
decreased 20-fold for 1-Å radiation, that is, to 11 barns, to equal the
coherent scattering cross-section, scoh. This trend of increasing scoh/
sphoto holds for all hollow atoms. In hollow carbon, scoh/sphoto < 2 for
1-Å radiation, as opposed to ,0.1 for normal carbon. The ideal case
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Figure 3 | Intensity-induced X-ray transparency. a, Ratio of charge-state
yield for 230-fs to 80-fs electron bunch durations for 2,000-eV, 2.0-mJ X-ray
pulses (diamonds). Error bars of 610% are estimated for the observed
charge-state yields. Simulations for 80-fs and 20-fs X-ray pulse durations for
the short pulse are overlaid in green and red, respectively. The comparison
suggests that the pulse duration of the X-rays generated by the 80-fs electron
bunch is less than 80 fs. b, Average lifetimes of the single- and double-core-

hole states in neon as a function of charge state, from ref. 33. The lifetimes of
the single- and double-core holes increase with charge state. These increased
lifetimes give rise to a decreased absorption cross-section and hence an
intensity-dependent X-ray transparency. The double-core-hole lifetime
tracks the observed charge-state ratios. c, A scheme leading to high charge
states, for a flux density of 2,000 X-ray photons per Å2 per fs, corresponding
to that on target for a 2.0-mJ, 2,000-eV, 20-fs X-ray pulse.
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Figure 4 | Electron spectra for inner-shell and valence photoelectrons and
Auger electrons created by X-ray pulses at a photon energy of 1,050 eV.
a, 1s photoelectrons directed along the X-ray polarization axis (h 5 0u) with
a photoelectron spectrometer retardation voltage of VR 5 0 V. b, Valence
and Auger electrons at h 5 0u, with VR 5 790 V. c, Valence and Auger
electrons at h 5 90u, VR 5 790 V. Auger electrons from double-core-hole
states, the signature of hollow atom formation, are more cleanly measured at
h 5 90u (as in c), as background from valence ionization is suppressed. The
strongest Auger peaks in the double-core-hole and single-core-hole regions
originate from the initial PPA and PA ionization sequences, and are used to
determine the double-core-hole to single-core-hole formation ratio.
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Young et al., Nature 466, 56 (2010).Figures from Wark, Nature 466, 35 (2010).



> X-ray scattering 

> Single-shot imaging of individual 
macromolecules 
§ Ultrafast (femtosecond) pulse: 

scattering before Coulomb explosion 
(nuclear radiation damage) 

§ A hottest topic in XFEL science: 
Chapman et al., Nature Phys. 2, 839 (2007). 
Chapman et al., Nature 470, 73 (2011). 
Seibert et al., Nature 470, 78 (2011). 

§ Electronic radiation damage is 
unavoidable.
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Ultrafast X-ray scattering
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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.
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§ synchrotron for crystals § XFEL for single molecules or nanocrystals

Gaffney & Chapman, Science 316, 1444 (2007).

~107 times 
more photons
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X-ray-induced atomic processes

> Based on nonrelativistic QED and perturbation theory 

> Hamiltonian 

> Perturbation theory
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Ĥ = Ĥ0 + Ĥint

|Ii: initial state, |F i: final state
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EI � EM + i✏

+ · · ·

�����

2
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X-ray-induced atomic processes (cont.)

> Photoionization 

> Auger and Coster–Kronig decay 

> Fluorescence 

> Elastic X-ray scattering
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Electronic damage dynamics by XFEL

> Coupled rate equation 

> Numerical procedure 
§ construct all possible n-hole configurations for 

+n charge state for all possible n 

§ optimize orbital structures for each configuration 

§ calculate cross sections and rates for each 
configuration 

§ solve a set of rate equations with all parameters 

> Each atomic process is treated in the 
perturbative regime, but ionization and 
relaxation dynamics are non-perturbative.
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XATOM: toolkit for X-ray atomic physics

> What XATOM can do: 
§ Hartree–Fock–Slater method with a proper long-range correction 
§ bound and continuum states, transition dipole matrix elements 
§ photoionization / photoabsorption cross sections 
§ Auger and Coster–Kronig rates 
§ fluorescence rates 
§ elastic x-ray scattering form factors including dispersion corrections 
§ shake-off branching ratios 
§ large-scale coupled rate equations: direct solution or Monte–Carlo solution 

> Features: 
§ versatile and simple 

§ captures all relevant basic processes 

§ useful to atoms, molecules and clusters 

§ becomes an essential tool for XFEL simulations

!11

See the XATOM poster
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Applications of XATOM
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Multiphoton multiple ionization

Ultrafast X-ray scattering

Ne: nonlinear response Doumy et al., PRL 106, 083002 (2011). 
 Sytcheva, Pabst, Son & Santra, submitted. 
Xe: ultra-efficient ionization Rudek, et al., submitted.

C: scattering vs. absorption 
 Son, Young & Santra, PRA 83, 033402 (2011). 
Fe: MAD at high X-ray intensity 
 Son, Chapman & Santra, PRL 107, 218102 (2011).
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Nonlinear response to XFEL

> Charge state distribution of Ne: 
good agreement between 
experiment and theory 
Young et al., Nature 466, 56 (2010). 

> Even better if shake-off 
processes are included 

> Study of Ne9+ production from 
Ne8+ measured at LCLS 

> Photon energy above / below 
K-shell threshold of Ne8+ to 
observe nonlinear response

!13

Doumy, Roedig, Son et al.,  
Phys. Rev. Lett. 106, 083002 (2011).

In our experiment, neon is used since K- and L-shell
ionization is accessible with the AMOS beam line photon
energy range. Previous studies [7,8] have shown that the
high fluence LCLS x rays produce in a single pulse highly
charged neon ions through a series of one-photon absorp-
tion and relaxation (Auger and fluorescence) processes
(see, e.g., Fig. 1 in Ref. [8]). This allowed us to study
the possibility of direct two-photon ionization of helium-
like neon, Ne8þ. We used 2 different photon energies,
above (1225 eV) and below (1110 eV) the Ne8þ K-shell
threshold at 1196 eV. As depicted in Fig. 1(a), Ne9þ can
be produced by one- or two-photon absorption, respec-
tively. Consequently, above the edge, a linear dependence
on fluence results for the Ne9þ=Ne8þ ratio, while below
this energy a quadratic response is expected. The photon
energy below the edge was chosen so that it is still above
Ne6þ K-shell ionization energy (1096 eV) (to efficiently
produce Ne8þ target through a sequence of 1s ionizations
and Auger decays), but below the K-shell edge of Ne7þ to
try to minimize pathways for the production of Ne9þ that
do not include the ground state Ne8þ (see Fig. 5 in
Ref. [7]).

Ionic charge state distributions are measured using a
Wiley-McLaren time-of-flight ion spectrometer. The pulse
energy is measured independently by a calibrated gas
detector [9] and controlled using a variable-pressure N2

gas attenuator cell. The pulse duration is inferred from the
measured electron bunch duration. The spectrometer data,
as well as other LCLS and end-station diagnostic informa-
tion, e.g., electron beam energy, x-ray energy, are recorded
for each x-ray pulse, which allows for postexperiment
sorting.

Critical for observing a nonlinear direct two-photon
absorption, similar to that illustrated in Fig. 1(a), is a
high intensity x-ray beam that is free of harmonic spectral
contamination. The high intensity condition is easily

satisfied by tight focusing of the x-ray beam ("2!m2)
using a Kirkpatrick-Baez (KB) mirror pair. The x-ray
fluence on target was determined using theoretical calcu-
lations to match the neon ions’ charge state distributions
[8]. Details on the modeling follow further in the text. Our
analysis shows that the fluence on target is "15 kJ=cm2,
for a 1.5 mJ pulse, or, alternately, an intensity of
2# 1017W=cm2 for a pulse of 100 fs duration.
The harmonic spectral content of the x-ray beam, inher-

ent to saturated FEL operation, is a more challenging issue
for a nonlinear measurement. Accordingly, the AMOS
beam line was designed to minimize this radiation by using
boron carbide optics (transport and KB mirrors) that have a
cutoff at 2 keV [10]. The optics reflectivity effectively
reduces the third-harmonic content (1% of the total energy)
over the full tuning range (0.8–2 keV), but the weaker
second harmonic (" 0:01%) is more problematic [11].
All the reported measurements were safely conducted
above 1.1 keV photon energy where the optics provide
>102 additional harmonic suppression, thus reducing the
second-harmonic content to less than 10$6with respect to
the fundamental beam.
Figures 2(a) and 2(b) show the measured charge state

distributions (black bars) at the 2 photon energies. Clearly
Ne9þ is observed in both cases although with less abun-
dance (" 1%) below threshold, as opposed to"10% above

FIG. 1. Illustration of Ne9þ production. (a) Direct process
through one-photon (1") or two-photon (2") ionization of
Ne8þ, depending on the photon energy. (b) Indirect process first
ionizes Ne6þ into Ne7þ% excited state. Before Auger decay
occurs, which would otherwise direct through (a), a valence
electron is photoionized to produce Ne8þ% that can also be
subsequently ionized into Ne9þ.

FIG. 2. Charge state distributions produced by (a) 1225 eV
(1.45 mJ) and (b) 1110 eV (1.27 mJ) beams. Black: experiment
(the detection efficiency for the different charge states is adjusted
using the procedure of Ref. [8]). White: model used in Ref. [7].
Gray: improved model accounting for shakeoff processes. The
striped bar in (b) incorporates the adjusted #ð2Þ needed to
reproduce the Ne9þ production below threshold.

PRL 106, 083002 (2011) P HY S I CA L R EV I EW LE T T E R S
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Nonlinear response to XFEL (cont.)

> First exp. evidence of nonlinear 
absorption in the x-ray regime 

> Two mechanisms of nonlinear 
response: direct and sequential 
two-photon ionizations 

> Direct σ(2) estimated from 
measurement, which is ~700 
times larger than expected 
from previous calculation 

> Enhanced by 1s4p resonance 
and finite bandwidth of XFEL

!14

threshold. Since one-photon ionization of the Ne8þ ground
state is a closed channel below threshold, Ne9þ production
must involve a higher-order process. Additional insight can
be obtained by studying the dependence of the Ne9þ=Ne8þ

ratio as a function of pulse energy, as plotted in Fig. 3 for
both photon energies. To facilitate comparison the ratios
are normalized to unity for an incident pulse energy of
0.8 mJ. The different rates for the Ne9þ=Ne8þ ratio as a
function of pulse energy are evident: quadratic below and
linear above threshold. The quadratic dependence below
threshold is indicative of a two-photon absorption process
and rules out any significant contribution of one-
photon (linear) absorption caused by second-harmonic
contamination.

We performed theoretical calculations in order to iden-
tify the origin of the nonlinear mechanism(s) amongst the
succession of competing one-photon processes, as well as
provide an additional constraint on the fluence. A simple
rate equation model has been shown to reproduce the main
features in the measured charge distributions [8]. The
model is based on one-photon absorption cross sections
and atomic relaxation rates obtained with a conventional
Hartree-Fock-Slater approach [7] and incorporates spatial
and temporal averaging. Not unexpected for a linear ab-
sorption model, the averaged calculated ion distribution is
insensitive to the detailed XFEL pulse shape, e.g., spikey
FEL temporal structure due to the chaotic process [5]. The
results of the model of Ref. [7] used in Ref. [8] are
presented in Fig. 2 and show good overall agreement
except that it predicts a stronger alternation in the odd-
even charge state amplitudes than measured and thus
underestimates the odd-charge state yield.

To improve our understanding, and specifically theNe9þ

production below threshold, the model was modified to
include shakeoff processes as well as direct two-photon
ionization of Ne8þ. Previous synchrotron studies have
shown that a significant fraction (" 25%) of Ne3þ is
formed via shakeoff from neutral K-shell ionization [12].
The single and double shakeoff branching ratios following

K-shell ionization were calculated using the Hartree-Fock-
Slater method within the sudden approximation [13]. In
addition, a two-photon cross section (10#56 cm4s) for
Ne8þ ionization was adopted from the calculations of
Novikov and Hopersky [14]. Other nonlinear processes
are expected to have a weak contribution to the Ne9þ

production and were neglected. The modified model
(gray bars in Fig. 2) significantly improves the agreement
with the experiment for both photon energies; e.g., the
strong alternation in the odd-even charge state distributions
is reduced. It further establishes with better than 20%
accuracy the fluence on target. However, significant dis-
crepancies remain for the Ne9þ production at both photon
energies: overestimated at 1225 eV and underestimated
at 1110 eV.
The absolute value of the Ne9þ=Ne8þ ratio (a) above

and (b) below threshold, calculated with this modified
model (solid line), is compared to the experiment in
Fig. 4. Above threshold (1225 eV), the linear variation
(one-photon ionization ofNe8þ) is well reproduced, except
near saturation for the highest pulse energies, but the model
overestimates the ratio by 40% for all pulse energies.
Below threshold (1110 eV) the agreement is poorer:
although the quadratic behavior is reproduced, it severely
underestimates theNe9þ yield by an order of magnitude. In
addition, the ratio predicted using only the two-photon

FIG. 3. Normalized Ne9þ=Ne8þ ratio as a function of pulse
energy for 1110 eV (filled circles) and 1225 eV (open squares).
Fits yield a quadratic response at 1110 eV (solid line) and linear
behavior at 1225 eV (dashed).

FIG. 4. The measured absolute Ne9þ=Ne8þ ratio (symbols) as
a function of x-ray pulse energy is compared with the modified
model (solid line), incorporating shakeoff and direct two-photon
ionization of Ne8þ using !ð2Þ from Ref. [14], (a) above and
(b) below the Ne8þ one-photon threshold. In (b), the dotted line
isolates the direct two-photon contribution, derived by subtract-
ing results with and without !ð2Þ from Ref. [14]. The dashed line
is a result of the enhanced !ð2Þ value (see text).
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threshold. Since one-photon ionization of the Ne8þ ground
state is a closed channel below threshold, Ne9þ production
must involve a higher-order process. Additional insight can
be obtained by studying the dependence of the Ne9þ=Ne8þ

ratio as a function of pulse energy, as plotted in Fig. 3 for
both photon energies. To facilitate comparison the ratios
are normalized to unity for an incident pulse energy of
0.8 mJ. The different rates for the Ne9þ=Ne8þ ratio as a
function of pulse energy are evident: quadratic below and
linear above threshold. The quadratic dependence below
threshold is indicative of a two-photon absorption process
and rules out any significant contribution of one-
photon (linear) absorption caused by second-harmonic
contamination.

We performed theoretical calculations in order to iden-
tify the origin of the nonlinear mechanism(s) amongst the
succession of competing one-photon processes, as well as
provide an additional constraint on the fluence. A simple
rate equation model has been shown to reproduce the main
features in the measured charge distributions [8]. The
model is based on one-photon absorption cross sections
and atomic relaxation rates obtained with a conventional
Hartree-Fock-Slater approach [7] and incorporates spatial
and temporal averaging. Not unexpected for a linear ab-
sorption model, the averaged calculated ion distribution is
insensitive to the detailed XFEL pulse shape, e.g., spikey
FEL temporal structure due to the chaotic process [5]. The
results of the model of Ref. [7] used in Ref. [8] are
presented in Fig. 2 and show good overall agreement
except that it predicts a stronger alternation in the odd-
even charge state amplitudes than measured and thus
underestimates the odd-charge state yield.

To improve our understanding, and specifically theNe9þ

production below threshold, the model was modified to
include shakeoff processes as well as direct two-photon
ionization of Ne8þ. Previous synchrotron studies have
shown that a significant fraction (" 25%) of Ne3þ is
formed via shakeoff from neutral K-shell ionization [12].
The single and double shakeoff branching ratios following

K-shell ionization were calculated using the Hartree-Fock-
Slater method within the sudden approximation [13]. In
addition, a two-photon cross section (10#56 cm4s) for
Ne8þ ionization was adopted from the calculations of
Novikov and Hopersky [14]. Other nonlinear processes
are expected to have a weak contribution to the Ne9þ

production and were neglected. The modified model
(gray bars in Fig. 2) significantly improves the agreement
with the experiment for both photon energies; e.g., the
strong alternation in the odd-even charge state distributions
is reduced. It further establishes with better than 20%
accuracy the fluence on target. However, significant dis-
crepancies remain for the Ne9þ production at both photon
energies: overestimated at 1225 eV and underestimated
at 1110 eV.
The absolute value of the Ne9þ=Ne8þ ratio (a) above

and (b) below threshold, calculated with this modified
model (solid line), is compared to the experiment in
Fig. 4. Above threshold (1225 eV), the linear variation
(one-photon ionization ofNe8þ) is well reproduced, except
near saturation for the highest pulse energies, but the model
overestimates the ratio by 40% for all pulse energies.
Below threshold (1110 eV) the agreement is poorer:
although the quadratic behavior is reproduced, it severely
underestimates theNe9þ yield by an order of magnitude. In
addition, the ratio predicted using only the two-photon

FIG. 3. Normalized Ne9þ=Ne8þ ratio as a function of pulse
energy for 1110 eV (filled circles) and 1225 eV (open squares).
Fits yield a quadratic response at 1110 eV (solid line) and linear
behavior at 1225 eV (dashed).

FIG. 4. The measured absolute Ne9þ=Ne8þ ratio (symbols) as
a function of x-ray pulse energy is compared with the modified
model (solid line), incorporating shakeoff and direct two-photon
ionization of Ne8þ using !ð2Þ from Ref. [14], (a) above and
(b) below the Ne8þ one-photon threshold. In (b), the dotted line
isolates the direct two-photon contribution, derived by subtract-
ing results with and without !ð2Þ from Ref. [14]. The dashed line
is a result of the enhanced !ð2Þ value (see text).
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Doumy, Roedig, Son et al.,  
Phys. Rev. Lett. 106, 083002 (2011).

Sytcheva, Pabst, Son & 
Santra, submitted.
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Ultra-efficient ionization by XFEL

> Charge state distribution of Xe measured at LCLS 

> At 2000 eV: good agreement between experiment and theory 

> At 1500 eV: unprecedented high charge states (up to Xe36+) in experiment 

> Computational challenge: # of coupled rate equations = 1,120,581
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Rudek, Son et al., submitted.
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Ultra-efficient ionization by XFEL (cont.)

> Sequential one-photon 
ionization at 1500 eV 
would be up to Xe26+. 

> REXMI (Resonance-
Enhanced X-ray 
Multiple Ionization): 
resonant excitation 
from 3p after 3p 
ionization is closed 

> Current modeling does 
not include resonant 
excitations.

!16
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Rudek, Son et al., submitted.
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Scattering from hollow atoms

> Elastic X-ray scattering form factor 

> Scattering affected by hollow-atom formation

!17

single-core-hole double-core-holeneutral

f0(Q) =

Z
d3r ⇢(r) eiQ·r

intensity-induced X-ray transparency for Ne: Young et al., Nature 466, 56 (2010). 
frustrated absorption for N2: Hoener et al., Phys. Rev. Lett. 104, 253002 (2010).

For C @12 keV and resolution=1.7 Å

    σsc /σabs = 0.057                                0.075                                0.305



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

DESY – Max Planck Society – University of Hamburg
Sang-Kil Son  |  Electronic response to XFEL pulses  |  January 7–8, 2012 |       / 22     

Scattering from hollow atoms (cont.)

> Carbon: time-averaged charge as a function of the pulse duration 

> Less time-averaged charge when the pulse duration is short enough to 
compete with core-hole lifetimes (Auger lifetime) 

> Higher intensity of XFEL pulse induces less ionization due to hollow-
atom formation.

!18

IMPACT OF HOLLOW-ATOM FORMATION ON COHERENT . . . PHYSICAL REVIEW A 83, 033402 (2011)
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FIG. 2. (Color online) Time-averaged charge weighted by the normalized pulse envelope for 8- and 12-keV photon energies. Each line
corresponds to a different fluence F (photons/Å2). Vertical lines labeled τS and τD indicate the single-core-hole and double-core-hole lifetimes,
respectively.

and 1s22s22p0 (the dominant Auger decay channel for the
single-hole configuration) are almost identical. As Fig. 2
illustrates, the time-averaged charge is practically independent
of the pulse duration (and, therefore, independent of the peak
intensity) for pulse lengths much longer than 10 fs. For pulses
shorter than 10 fs, there are two stages of x-ray transparency
or frustrated absorption. In the first stage, if the pulses are still
longer than the double-core-hole lifetime (τD ≈ 3 fs) and only
single-core-hole production is saturated, the effective x-ray
absorption cross section drops by a factor of 1.7 relative to the
neutral atom (cf. Table I). The second stage becomes accessible
for pulse durations shorter than the double-core-hole lifetime.
In this case, by saturating hollow-atom formation, the effective
x-ray absorption cross section drops further, by a factor of
6.2, that is, relative to the neutral atom the effective x-ray
absorption cross section drops by almost a factor of 11
(cf. Table I). The somewhat counterintuitive consequence of
this is that by decreasing the pulse duration and, thereby,

increasing the peak intensity, the time-averaged charge Z̄ can
be minimized, as shown in Fig. 2.

We compare the time-averaged charge for two different
photon energies in Fig. 2: (a) 8 keV and (b) 12 keV. For a given
fluence, the time-averaged charge at 8 keV is higher than that
at 12 keV, because the photoabsorption cross section at 8 keV
is about 4 times higher than that at 12 keV (Table I). This is also
expected based on the scaling behavior of the photoabsorption
cross section in the high-energy limit, σP ∝ ω−7/2 (l= 0) [79].
Since a higher photon energy induces less electronic damage,
it has an advantage with respect to the R factor for x-ray
scattering, which is discussed in Sec. III D.

As Fig. 2 shows, Z̄ increases in increments of decreas-
ing magnitude as the fluence becomes higher, indicating a
saturation effect. To make this point clearer, we plot the
time-averaged population P̄I of the single (I = 1s12s22p2)
and double (I = 1s02s22p2) core-hole configurations as
a function of the fluence in Fig. 3. The pulse length
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FIG. 3. (Color online) Time-averaged populations of the single-core-hole and double-core-hole configurations for 8- and 12-keV photon
energies. The pulse length is fixed at 1 fs FWHM.
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Son, Young & Santra,  
Phys. Rev. A 83,  
033402 (2011).



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

DESY – Max Planck Society – University of Hamburg
Sang-Kil Son  |  Electronic response to XFEL pulses  |  January 7–8, 2012 |       / 22     

Scattering from hollow atoms (cont.)

> Hollow-atom formation saturates around 107 photons/Å2. 

> Nonlinear effect on scattering intensity after this saturation 

> Theoretical results suggest a shorter pulse (i.e., attosecond XFEL) 
would be ideal for single-shot imaging.
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and 1s22s22p0 (the dominant Auger decay channel for the
single-hole configuration) are almost identical. As Fig. 2
illustrates, the time-averaged charge is practically independent
of the pulse duration (and, therefore, independent of the peak
intensity) for pulse lengths much longer than 10 fs. For pulses
shorter than 10 fs, there are two stages of x-ray transparency
or frustrated absorption. In the first stage, if the pulses are still
longer than the double-core-hole lifetime (τD ≈ 3 fs) and only
single-core-hole production is saturated, the effective x-ray
absorption cross section drops by a factor of 1.7 relative to the
neutral atom (cf. Table I). The second stage becomes accessible
for pulse durations shorter than the double-core-hole lifetime.
In this case, by saturating hollow-atom formation, the effective
x-ray absorption cross section drops further, by a factor of
6.2, that is, relative to the neutral atom the effective x-ray
absorption cross section drops by almost a factor of 11
(cf. Table I). The somewhat counterintuitive consequence of
this is that by decreasing the pulse duration and, thereby,

increasing the peak intensity, the time-averaged charge Z̄ can
be minimized, as shown in Fig. 2.

We compare the time-averaged charge for two different
photon energies in Fig. 2: (a) 8 keV and (b) 12 keV. For a given
fluence, the time-averaged charge at 8 keV is higher than that
at 12 keV, because the photoabsorption cross section at 8 keV
is about 4 times higher than that at 12 keV (Table I). This is also
expected based on the scaling behavior of the photoabsorption
cross section in the high-energy limit, σP ∝ ω−7/2 (l= 0) [79].
Since a higher photon energy induces less electronic damage,
it has an advantage with respect to the R factor for x-ray
scattering, which is discussed in Sec. III D.

As Fig. 2 shows, Z̄ increases in increments of decreas-
ing magnitude as the fluence becomes higher, indicating a
saturation effect. To make this point clearer, we plot the
time-averaged population P̄I of the single (I = 1s12s22p2)
and double (I = 1s02s22p2) core-hole configurations as
a function of the fluence in Fig. 3. The pulse length

10−10

10−8

10−6

10−4

10−2

100

103 104 105 106 107 108 109

Ti
m

e−
av

er
ag

ed
 p

op
ul

at
io

n

Fluence (photons/Å2)

  C1+: 1s12s22p2

  C2+: 1s02s22p2

10−10

10−8

10−6

10−4

10−2

100

103 104 105 106 107 108 109

Ti
m

e−
av

er
ag

ed
 p

op
ul

at
io

n

Fluence (photons/Å2)

  C1+: 1s12s22p2

  C2+: 1s02s22p2

 (a) 8 keV  (b) 12 keV

FIG. 3. (Color online) Time-averaged populations of the single-core-hole and double-core-hole configurations for 8- and 12-keV photon
energies. The pulse length is fixed at 1 fs FWHM.
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FIG. 4. (Color online) Number of scattered photons for 8- and 12-keV photon energies. A spatial resolution of 1.7 Å is assumed. The thin
dotted lines extrapolate the linear fluence dependence valid at low fluence.

is fixed at 1 fs FWHM, which is less than the life-
times of the core-hole configurations. Both populations
follow a power-law dependence for fluences up to about
106 photons/Å2: single-core-hole production is a one-photon
process and therefore is a linear function of the fluence (below
106 photons/Å2), whereas double-core-hole production is a
two-photon process and therefore is a quadratic function of
the fluence. Saturation occurs around 106–108 photons/Å2.
For even higher fluences, the populations of both configura-
tions decrease due to further photoionization (core ionization
in the single-core-hole configuration and valence ionization in
the double-core-hole configuration, respectively).

C. Influence of hollow-atom formation on x-ray
scattering intensity

The pulse-length and fluence dependence of the time-
averaged charge affects the number of scattered photons, which
must be maximized in single-shot experiments such as to
obtain an optimal signal-to-noise ratio. In Fig. 4, the number
of scattered photons is plotted as a function of the fluence for
8- and 12-keV photon energies. The spatial resolution is fixed
at d = 1.7 Å and three pulse lengths are considered (1, 10,
and 100 fs). For fluences below ∼106 photons Å2, NS depends
linearly on the fluence of incident photons but is independent
of the pulse length (see Fig. 4). In this low-fluence regime, the
number of photons scattered per atom and per pulse is less than
0.1. To scatter at least 0.1 photon, the fluence must be in the
regime above 106 photons/Å2. At high fluence, after saturation
of inner-shell ionization, NS is no longer a linear function of
the fluence and, particularly, depends sensitively on the pulse
length. As shown in Fig. 4, the number of scattered photons
may be maximized at a given fluence by using a pulse duration
shorter than the double-core-hole lifetime (τD ≈ 3 fs).

If we require that a carbon atom scatters, say, 0.1 photon per
pulse and per pixel, then, assuming a pulse length of 1 fs and a
photon energy of 12 keV, a fluence of 1 × 107 photons/Å2 per
pulse is needed. However, if we assume a 10-fs pulse instead,
then the fluence required would increase by a factor of 4.
Figure 4 illustrates quite distinctly the impact of hollow-atom

formation on coherent x-ray scattering at high intensity. In a
molecule consisting of Natom atoms, the number of scattered
photons is proportional to at least N

1/3
atom per pulse and per

pixel [89]. For example, with the above x-ray parameters, a
molecule consisting of 100,000 carbon atoms would scatter at
least 5 photons per pulse and per pixel. Note that five photons
per pixel would be sufficient for successful three-dimensional
structural reconstruction [90].

D. Dependence of the R factor on the desired resolution

In addition to the strength of the scattering signal, another
important factor is the quality of the x-ray scattering pattern.
The scattering pattern from the damaged sample should be
as similar as possible to the scattering pattern that would be
obtained if the sample were unaffected by radiation damage.
Using the R factor in Eq. (21), we measure the quality of the
x-ray scattering pattern.

In Fig. 5, we examine the correlation between the R factor
and the desired spatial resolution for 8- and 12-keV photon
energies. The pulse length assumed is 1 fs FWHM and the
fluence is fixed at 107 photons/Å2. Under these conditions,
inner-shell ionization is saturated (see Fig. 3), and every
10 pulses about one photon is scattered per carbon atom
(see Fig. 4). Each curve in Fig. 5 ends at the finest spatial
resolution possible at the respective photon energy. Because of
the reduction of electronic damage at higher photon energies,
the R factor at 12 keV is less than that at 8 keV. For a
spatial resolution d > 1 Å, the spatially localized reduction
of electron density in the 1s shell in the single-core-hole
and double-core-hole configurations is difficult to resolve,
rendering the R factor rather low. The small local maximum
around 2.5 Å is due to the 2s vacancy formed by valence
ionization in the double-core-hole configuration. For a very
fine resolution (d < 1 Å), the core vacancy can be resolved,
so the R factor rapidly increases. Note, however, that the
R-factor values in Fig. 5 are still less than 20%, which is a
typical value for x-ray crystallographic data [35]. For d=1.7–
1.9 Å, the R factor takes on a local minimum value of less
than 2%.
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Conclusion

> Recent advent of XFEL opens up many unique opportunities in physics, 
chemistry, biology, and material science. 

> It is crucial to understand interaction of ultraintense and ultrafast X-ray 
pulses with atoms and molecules. 

> XATOM is an integrated toolkit to investigate X-ray–induced atomic 
processes and to simulate electronic damage dynamics. 

> We explore nonlinear X-ray absorption processes, ultra-efficient 
multiple ionization of heavy atoms, scattering from hollow atoms, and 
novel diffraction method with heavy atoms. 

> Theoretical studies with XATOM explain recent LCLS experiments and 
lead to new XFEL experiments. 

> XATOM becomes an essential tool for XFEL simulations.

!20



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

DESY – Max Planck Society – University of Hamburg
Sang-Kil Son  |  Electronic response to XFEL pulses  |  January 7–8, 2012 |       / 22     

Acknowledgment

!21

Robin Santra

CFEL Theory Division

Stefan Pabst Arina Sytcheva

CFEL Coherent 
Imaging Division

Henry Chapman

Tohoku Univ.
Kiyoshi Ueda

Max-Planck ASG at CFEL

Daniel Rolles Artem Rudenko Benedikt Rudek

Argonne National Lab.

Linda Young Gilles Doumy

All group members



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

DESY – Max Planck Society – University of Hamburg
Sang-Kil Son  |  Electronic response to XFEL pulses  |  January 7–8, 2012 |       / 22     !22

Thank you for your attention!


