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Phasing for XFEL experiments

> Phase problem: a fundamental 
obstacle in obtaining a structure from 
x-ray diffraction

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

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

> Need for ab initio phasing method at 
high x-ray intensity
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Picture taken from Nature 505, 620 (2014). 

Cathepsin B: The first new protein 
structure determined by using XFEL
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Electronic radiation damage

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

> Can we reduce electronic radiation damage?

! much shorter pulse duration, less ionization (frustrated ionization)
! narrower bandwidth, less ionization (resonance-enabled ionization)

> Can we take benefits from electronic radiation damage?

! understand ionization dynamics mechanism
! turn x-ray multiple ionization into an advantage for phasing
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Sequential multiphoton multiple ionization
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! described by sequences of photoionization, Auger, and fluorescence 
! complex inner-shell ionization dynamics (>2B x-ray-induced processes)

Fukuzawa et al., 
Phys. Rev. Lett. 
110, 173005 (2013). 0
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XATOM: all about x-ray atomic physics

> Computer program suite to describe 
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

> Solves coupled rate equations to 
simulate ionization dynamics

> Calculates ion / electron / photon 
spectra, directly comparable with 
XFEL experiments
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Son, Young & Santra, 
Phys. Rev. A 83, 033402 (2011).
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Charge-state distribution: EXP vs. theory
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occurring at this photon energy. Within the expectation from a
simple model of purely sequential single-photon absorption,
charge states up to Xe32! 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 Xe36! 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 Xe26! , 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 Xe27! (with a
strong decrease beyond Xe26! ) for the X-ray fluence achieved in the
experiment. In the simulations, the charge states above Xe26! 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 Xe25! ) 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 2.4Ð2.6 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 ßuence of!82Ð89mJmm2 2 at the target. At 1.5 keV, this
peak ßuence 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 reßect the statistical error only. a.u., arbitrary units.
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Xe at LCLS
! 1.5 keV: ~Xe36+

! 2.0 keV: ~Xe32+

Xe at SACLA
! 5.5 keV: 

~Xe26+

heavy atoms at 
higher photon energies

⬇!
relevant for phasing
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MAD with XFEL

> MAD (multiwavelength anomalous diffraction): employing the dispersion 
correction of x-ray scattering from heavy atoms

> Can we use MAD with XFEL?
! Unavoidable electronic radiation damage, especially to heavy atoms

! Dramatic change of anomalous scattering for high charge states

! Stochastic ionization nature destroying coherent signals

> Need to understand dynamic behaviors of individual atoms
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Generalized Karle-Hendrickson equation
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Scattering intensity including ionization dynamics of heavy atoms

MAD coeff: measured or calculated / 3 unknowns: solvable with 3 measurements

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

Generalized Karle-Hendrickson equation
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MAD coeff. including ionization dynamics

> Time-dependent form factor: dynamically synchronized for all heavy 
atoms !  contributing coherent signals

> Relative effective scattering strength

> XATOM describes dynamical behaviors                      and
computes              for every single IH
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Fluctuation effect on scattering strength
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164015 (2013).

Fe @ 8.1 keV

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

always be fulÞlled 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 veriÞed
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 section6, 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 theeffectiveform 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 conÞgurational ßuctuations of heavy atoms are
completely missing if one uses only theeffectiveform factor
in the expression of the scattering intensity.

In [24], the dynamical form factor of the heavy atom
was introduced, which is coherently averaged overIH at given
timet,

÷fH (t) =
∑

IH

PIH (t) fIH . (5)

Note that the dependences onQ, F or ω are omitted for
simplicity. By using ÷fH (t), (3) may be written in the form
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where VconÞg(t) is the variance of ÷fH over different
conÞgurations at a given timet,
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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),

øVconÞg=
∫ ∞

−∞
dt g(t)VconÞg(t) =

(
f 0
H

)2
(a − ÷a) . (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÷fH (t) during the time
propagation under the x-ray pulse. On the other hand,
the remaining part,NH øVconÞg, represents ßuctuations from
all different conÞgurations induced by electronic damage
dynamics, corresponding to a diffuse background.

Next, we introduce theeffectiveform factor of the heavy
atom, which is a pulse-weighted time average of÷fH (t),

øfH =
∫ ∞

−∞
dt g(t) ÷fH (t) =

∑

IH

øPIH fIH . (9)
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Figure 1. Magnitude of the effective form factor (| øfH|) and its two
different standard deviations (øV1/2

conÞgandV1/2
time) of Fe as a function of

the ßuence, (a) at a photon energy of 6.1 keV (belowK-edge) and
(b) at a photon energy of 8.1 keV (aboveK-edge).

Plugging øfH into (3), the generalized KarleÐHendrickson
equation is rewritten as
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whereVtime is the variance of÷fH (t) over time,
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In (10), the Þrst term is calculated using a molecular form
factor assuming that all heavy atoms may be described with
a single, time-independent scattering factor,øfH. The Þrst
term in (10),

∣∣F0
P + øfH

∑NH
j= 1 exp[iQ áRj ]

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

(
∝ N2

H

)
viaVtime.

Figure1 shows the magnitude of the effective form factor,
| øfH|, and its two different standard deviations,øV1/2

conÞg and
V1/2

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

3

Generalized KH equation: not only for phasing but also for refinement
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MAD at high x-ray intensity
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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

> contrast at different 
fluences, too

> easier to vary fluence 
than wavelength
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Towards high-intensity phasing (HIP)

> exploit electronic radiation damage to S atoms (σS > σlight atoms)
> simulated datasets of Cathepsin B including ionization for all atoms
> phased by the RIP workflow (High-intensity RIP)

13

Galli et al., J. Synch. Rad. 
(2015, in press).
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Case study: Gd-derivatized lysozyme
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Gd positions are identified 
from isomorphous difference 
between LF and HF.

LF: Gd-derivative
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F (x): spatial proÞle, g(t): temporal proÞle of the x-ray beam
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Gd is really heavy

> Gd-lysozyme diffraction measured at LCLS CXI (8.5 keV)
> Gd: 64 electrons

> XATOM calculation
! ionization dynamics:             for every IH  (N of IH  > 400M)
! anomalous scattering calculation:           for every q  (N of q = 64)

> Effective scattering strength for Gd

15
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Scattering strength differences
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! From the difference density map: 8.8~12e–

! From anomalous refinement (f’ and f’’): 5e–
Experimental analysis
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List of speculations

> based on an atomic model
! relativistic treatment for heavy atoms
! molecular environment
! local plasma environment / collisional ionization

> calibration of x-ray beam parameters

> self-gating of the Bragg peaks

> ionization-induced fluctuation at high x-ray intensity

> crystal size

> scaling procedure

17

Theoretical estimation: 11~25e–

Experimental analysis: 5~12e–
Galli et al., (submitted).
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Outlook: new developments

> XMDYN (Zoltan Jurek)

! atomic processes by XATOM

! molecular dynamics by XMDYN

! C60 at LCLS

! Ar cluster at SACLA

> XMOLECULE 
(Yajiang Hao, Ludger Inhester, 
Kota Hanasaki)

! detailed description on 
molecular environment

! molecular Auger effect and 
charge redistribution

18

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

> 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: a key formula
for phasing at high x-ray intensity

> High-Intensity Phasing (HIP): new opportunities for solving the 
phase problem in nanocrystallography with XFELs

19
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