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What is XFEL?

> XFEL: X-ray Free-Electron Laser

> Ultraintense
! fluence: ~1013 photons/µm2

! peak intensity: ~1018 W/cm2

> Ultrafast
! pulse duration: femtoseconds or 

sub-fs

> Where?
! FLASH at DESY, Germany (2004)
! LCLS at SLAC, USA (2009)
! SACLA at RIKEN, Japan (2011)
! PAL XFEL at Pohang, Korea
! European XFEL, Germany
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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 lwð1þ 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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×108~1010



Sang-Kil Son  |  HIP with XFELs |  January 9, 2015 |       / 26     
Center for Free-Electron Laser Science
CFEL is a scientific cooperation of the three organizations: 

DESY – Max Planck Society – University of Hamburg

Radiation damage by XFEL

4

Neutze et al., Nature 406, 752 (2000).
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Young et al., Nature 466, 56 (2010).

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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Serial femtosecond crystallography (SFX)

> Growing high-quality 
crystals is one of major 
bottlenecks in x-ray 
crystallography.

> Ultraintense and ultrafast 
pulses from XFEL

> Enough signals from nano-
sized crystals or single 
molecules

5

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

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

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

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

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

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

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

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

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

8 JUNE 2007 VOL 316 SCIENCE www.sciencemag.org1446
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Phasing for XFEL experiments

> Femtosec. x-ray nanocrystallography: 
beyond proof-of-principle

> Mainly solved by molecular 
replacement
e.g.) Redecke et al., Science 339, 227 (2013).

> SAD in the intermediate intensity 
regime (< the saturation fluence)
Barends et al., Nature 505, 244 (2014).

> Need for ab initio phasing method at 
high x-ray intensity

6

Picture taken from Nature 505, 620 (2014). 

Cathepsin B: The first new protein 
structure determined by using XFEL
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What happens at high x-ray intensity?

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

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

! Synchrotron: at most one photon absorbed ➔ linear phenomena
! XFEL:  at least one photon absorbed ➔ nonlinear phenomena
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σabs = 0.084 kbarns
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prob. = σabs × F ~ 1
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Fsat = 1.2×1014 ph/µm2

Son, Young & Santra, 
Phys. Rev. A 83, 033402 (2011).
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Sequential multiphoton multiple ionization

8

! a sequence of photoionization, Auger decays, and fluorescences
! complicated multiphoton multiple ionization at high x-ray intensity

Fukuzawa et al., 
Phys. Rev. Lett. 
110, 173005 (2013). 0
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Complex inner-shell ionization dynamics

9

! more than one million electronic states calculated
! more than 40 million x-ray-induced processes calculated
! conventional quantum chemistry codes not applicable
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How to describe ionization dynamics?

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

> Uses the Hartree-Fock-Slater 
model

> Calculates all cross sections and 
rates of x-ray-induced processes 
for any given element / 
any given charge state / 
any given electronic configuration

> Solves coupled rate equations to 
simulate x-ray ionization dynamics

10
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Son, Young & Santra, 
Phys. Rev. A 83, 033402 (2011).
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Xe at LCLS
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> Charge state distribution of Xe measured at LCLS
> At 2 keV: good agreement between experiment and theory

> At 1.5 keV: unprecedented high charge states (up to Xe36+) in experiment
> Resonance-enabled ionization: may be suppressed by a narrow bandwidth

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

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

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

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

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

> At 5.5 keV: deep inner-shell (L-shell) ionization dynamics
> Good agreement between experiment and theory

> Theoretical challenges: >20-million config. with >2-billion processes
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Electronic radiation damage

> Unavoidable at high x-ray intensity (time scale: ~femtoseconds)

> Can we reduce electronic radiation damage?

! frustrated ionization: higher intensity, less ionization
! seeded XFEL pulse: narrower bandwidth, less ionization

> Can we take benefits from electronic radiation damage?

! understand ionization dynamics mechanism
! heavy atoms at higher photon energies ➔ relevant for phasing
! turn x-ray ionization into an advantage for phasing

13
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Impact on anomalous scattering

> Extensive electronic rearrangements during one pulse

> Dramatic change of anomalous scattering for high charge states

14

Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011).



Existence of a generalized Karle-Hendrickson equation
in the high-intensity regime

Sang-Kil Son  |  HIP with XFELs |  January 9, 2015 |       / 26     
Center for Free-Electron Laser Science
CFEL is a scientific cooperation of the three organizations: 

DESY – Max Planck Society – University of Hamburg

Can we do MAD with XFELs?

> Ab initio phasing: MAD (multiwavelength anomalous diffraction)

> Unavoidable electronic damage, especially to heavy atoms

> Dramatic change of anomalous scattering for high charge states

> Stochastic electronic damage to heavy atoms would destroy coherent 
scattering signals in nanocrystals

> MAD would not be an applicable route for phasing at XFEL...?

15

Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011).
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Scattering intensity including ionization

16

> All changes among NH heavy atoms in a crystal are included.
> P: protein, H: heavy atoms; only heavy atoms scatter anomalously and 

undergo ionization dynamics during an x-ray pulse.
> Heavy atoms are ionized independently.
> Only one species of heavy atoms is considered.

Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011).



> MAD coefficients:
→ measured or calculated including electronic damage dynamics

> 3 unknowns: 
→ solvable with measurements at 3 different wavelengths.
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Generalized Karle-Hendrickson equation

17

Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011).
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MAD coefficients in generalized KH eq.
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original KH equation generalized KH equation

Need to know f’ and f’’

Need to know a, b, c, and ã
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Fluctuation at high x-ray intensity

19

dI

d⌦
= FC(⌦)

2

64

������
F 0

P + f̄H

NHX

j=1

eiQ·Rj

������

2

+NH V̄
config

+

������

NHX

j=1

eiQ·Rj

������

2

V
time

3

75

J. Phys. B: At. Mol. Opt. Phys. 46 (2013) 164015 S-K Son et al

always be fulfilled by choosing suitable materials. Assumption
(b) is reasonably valid when heavy atoms are far apart, because
then a change in one atomic site does not affect changes in other
heavy atoms. However, assumption (a) needs to be verified
further. Although the photoabsorption cross section of heavy
atoms is usually orders of magnitude larger than that of light
atoms, there are much more light atoms than heavy atoms in
macromolecules. In section 6, we will come back to this point
of how to verify assumption (a).

3. Analysis of the scattering intensity

In this section, we reformulate the scattering intensity by using
the dynamical form factor and the effective form factor of
heavy atoms in the sample. This analysis of the scattering
intensity will provide insight on how stochastic changes of
the electronic structure of heavy atoms during an intense
x-ray pulse affect the scattering intensity. It will also show
that electronic configurational fluctuations of heavy atoms are
completely missing if one uses only the effective form factor
in the expression of the scattering intensity.

In [24], the dynamical form factor of the heavy atom
was introduced, which is coherently averaged over IH at given
time t,

f̃H (t) =
∑

IH

PIH (t) fIH . (5)

Note that the dependences on Q, F or ω are omitted for
simplicity. By using f̃H (t), (3) may be written in the form
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where Vconfig(t) is the variance of f̃H over different
configurations at a given time t,
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∑
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2

. (7)

Then the pulse-weighted time-averaged variance is connected
to the last term of (3),

V̄config =
∫ ∞

−∞
dt g(t)Vconfig(t) =

(
f 0
H

)2
(a − ã) . (8)

From (6), one can easily see that the coherent sum underlies
the formation of the Bragg peaks implying that all heavy
atoms are described by the same f̃H (t) during the time
propagation under the x-ray pulse. On the other hand,
the remaining part, NHV̄config, represents fluctuations from
all different configurations induced by electronic damage
dynamics, corresponding to a diffuse background.

Next, we introduce the effective form factor of the heavy
atom, which is a pulse-weighted time average of f̃H (t),

f̄H =
∫ ∞

−∞
dt g(t) f̃H (t) =

∑

IH

P̄IH fIH . (9)
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Figure 1. Magnitude of the effective form factor (| f̄H |) and its two
different standard deviations (V̄ 1/2

config and V 1/2
time) of Fe as a function of

the fluence, (a) at a photon energy of 6.1 keV (below K-edge) and
(b) at a photon energy of 8.1 keV (above K-edge).

Plugging f̄H into (3), the generalized Karle–Hendrickson
equation is rewritten as
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where Vtime is the variance of f̃H (t) over time,

Vtime =
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In (10), the first term is calculated using a molecular form
factor assuming that all heavy atoms may be described with
a single, time-independent scattering factor, f̄H . The first
term in (10),

∣∣F0
P + f̄H

∑NH
j=1 exp[iQ · R j]

∣∣2, would be the
simplest expression including electronic radiation damage
to heavy atoms. However, it does not include dynamical
fluctuations of configurations during the ionizing x-ray pulse.
Their contributions are proportional not only to NH via V̄config,
but also to the coherent sum over heavy atoms

(
∝ N2

H

)
viaVtime.

Figure 1 shows the magnitude of the effective form factor,
| f̄H |, and its two different standard deviations, V̄ 1/2

config and
V 1/2

time, of an iron (Fe) atom at Q = 0 as a function of the

3

Son, Chapman & Santra, J. Phys. B 46, 164015 (2013).

Fe @ 8.1 keV
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Plotting of MAD coefficients
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Son, Chapman & Santra, 
Phys. Rev. Lett. 
107, 218102 (2011).

> calculated by XATOM

> different ionization 
mechanism before and 
after the edge

> contrast at different 
wavelengths

> anomalous scattering 
(MAD c coefficient) not 
completely eliminated

> bleaching effect as 
intensity increases
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High-intensity phasing methods

> HI-MAD (high-intensity multi-wavelength anomalous diffraction)
! generalized Karle-Hendrickson equation + MAD coefficients

> HI-SAD (high-intensity single-wavelength anomalous diffraction)
! one dataset required — simple in measurement

> HI-RIP (high-intensity radiation-damage induced phasing)
! two different fluences: undamaged and damaged
! exploiting the bleaching effect of heavy atoms (HA)

> brand-new HIP: based on generalized Karle-Hendrickson equation
! multi-fluence measurement at single wavelength
! RIP-like: undamaged vs. damaged
! SIR-like: HA-derivative vs. HA-free

21
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High-intensity MAD

22

> minimum deepened and edge broadened ➔ easy to choose wavelengths

> experimentally difficult to vary wavelengths, while keeping the same fluence

Son, Chapman & Santra, 
Phys. Rev. Lett. 107, 
218102 (2011).0.2
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High-intensity RIP

> exploiting selective ionization for S atoms at high x-ray intensity
> simulated datasets of Cathepsin B including ionization for all atoms
> phased by the RIP workflow (Max Nanao)

23

Galli et al., J. Synch. Rad. 
(2015, in press). 0.0
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> phased by conventional SAD techniques
> tested at several fluences (LF: Rfree=0.264, HF: Rfree=0.457)
> Towards HI-SAD: need for generalized KH equation
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(High-intensity) SAD
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Barends et al., 
Nature 505, 244 (2014)

low-fluence high-fluence

Gd @ 8.5 keV experimental 
datasets of Gd-Lys 
measured at LCLS

Galli et al., (submitted).
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Conclusion

> SFX with XFELs: revolutionary impact on structural biology

> Electronic radiation damage: unavoidable at high x-ray intensity

> XATOM describes multiphoton multiple ionization dynamics of 
individual atoms; tested by LCLS and SACLA experiments

> Generalized Karle–Hendrickson equation in extreme conditions 
of ionizing radiations: not only in phasing but also in refinement

> HIP: brand-new phasing only achievable at high x-ray intensity

! high-intensity version of MAD, SAD, and RIP

> Novel phasing at high x-ray intensity: new opportunities for 
solving the phase problem in crystallography with XFELs

25
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