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Where are XFELs?
> LCLS at SLAC, USA (2009)

FLASH and European XFEL

> SACLA at RIKEN Harima, Japan (2011)
> PAL XFEL at Pohang, Korea (2017)
> European XFEL, Germany (2017)

LCLS

SACLA

PAL XFEL
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generates large-amplitude oscillations, in particular 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 measurements also provided a detailed characterization of
the excited state potential, further demonstrating
the utility of ultrafast x-ray scattering for the

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.

Why ultraintense and ultrafast?
> Structural determination of
biomolecules with x-rays
➔ X-ray crystallography

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

In the simple case of
plane wave, the ach
l /sin q, where q rep
angle collected by a l
lengths, however, m
cept and redirect li
becomes increasingl
of nanometers can b
resolution lenses do

> Growing high-quality crystals
is one of major bottlenecks
> Enough signals obtained from
even single molecules by
using ultraintense pulses
> Signals obtained before
radiation damage by using
ultrafast pulses

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

How does matter interact with ultraintense and ultrafast pulses?
Fig. 2. Schematic
depiction of single-particle coherent diffractive imaging with an XFEL pulse. (A) The intensity pattern
Center for Free-Electron Laser
Science
formed from the intense x-ray pulse (incident from left) scattering off the object is recorded on a pixellated detector. The pulse
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Fundamental x-ray–matter interaction

Photoionization: C → C✽+ + e–

Auger decay: C✽+ → C++ + e–

synchrotron: one-photon absorption ➔ PA ➔ C2+
XFEL: many-photon absorption ➔ PAPAPP ➔ C6+
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X-ray multiphoton multiple ionization
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§ Sequential multiphoton multiple ionization
at high x-ray intensity
§ Extremely complicated ionization dynamics
§ Highly excited electronic structure
§ No standard code available

XATOM
§ Efficient electronic structure calculation for
every single electronic configuration
§ Calculate all cross sections and rates
§ Solve rate eqs for ionization dynamics
Son, Young & Santra, Phys. Rev. A 83, 033402 (2011).
Jurek, Son, Ziaja & Santra, J. Appl. Cryst. 49, 1048 (2016).
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X-ray multiphoton ionization dynamics
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Son & Santra, Phys. Rev. A 85, 063415 (2012).
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> Xe at LCLS: M-shell ionization
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Fukuzawa et al., PRL 110, 173005 (2013).
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Challenges for molecular dynamics at XFEL
> No ab initio theoretical tools available for high x-ray intensity
§ Coupled ionization and nuclear dynamics in the same time scales
§ Formidable task: e.g. CH3I ~ 200 trillion rate eqs at single geometry
§ Highly excited molecular electronic structure

XMOLECULE
§ Quantum electrons, classical nuclei
§ Efficient electronic structure calculation: core-hole
adapted basis functions calculated by XATOM
§ Monte Carlo on the fly
Hao, Inhester, Hanasaki, Son & Santra, Struc. Dyn. 2, 041707 (2015).
Inhester, Hanasaki, Hao, Son & Santra, PRA 94, 023422 (2016).
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Iodomethane in ultraintense x-ray pulses
> New experimental setup:
LCLS CXI using nano-focus
➔ new realm of intensity
approaching ~2×1019 W/cm2
Selective ionization on heavy atom

LCLS
experiment

Daniel Rolles
at KSU

Artem Rudenko
at KSU

Measurement of ion ToF and hit position

RESEARCH LETTER

CH3I @ 8.3 keV
σ(I)~50 kbarn
σ(C)~80 barn
σ(H)~8 mbarn
Extended Data Figure 2 | Experimental ion yield of CH3I after
photoionization with ultra-intense LCLS pulses at a photon energy of
8.3 keV. a, Ion yield (colour scale) plotted as a function of the measured
TOF and hit (X) position on the detector. In addition to the mass-tocharge ratio, this spectrum also shows the scaled momentum distribution

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

Center for Free-Electron Laser Science

of each fragment projected onto the x–z plane, which can be seen as the
spread in the measured TOF and position peak for each ion species. The
LCLS pulse parameters are the same as for Fig. 1a. The experimental data
are accumulated over 287,400 LCLS shots. b, Same as a, but zoomed into
the region of short TOFs, that is, high charge states.
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Capturing ultrafast explosion dynamics
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and 372,600 shots for xenon. The curves are normalized to have an integral

The data are accumulated over 1,242,850 shots.
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CREXIM: Charge-RearrangementEnhanced X-ray Ionization of Molecules
Rudenko et al., Nature 546, 129 (2017).

Center for Free-Electron Laser Science
H

Son
| Ultrafast explosion
dynamics
of molecules at high x-ray intensity | January 8, 2018 | !14 / 15
CFEL is Sang-Kil
a scientific
cooperation
of the three
organizations:
DESY – Max Planck Society
–
University
of
Hamburg
H
H
H

5

Conclusion

XATOM

XMOLECULE

> Enabling tools to investigate x-ray multiphoton physics of atoms and
molecules exposed to high intensity x-ray pulses
> X-ray-induced ultrafast explosion dynamics of CH3I:
First quantitative comparison for molecules under XFEL irradiation
> Observed a new phenomenon, CREXIM, and identified its mechanism
> Impact on molecular imaging: not reducing partial charges of heavy atoms
due to charge rearrangement, but inducing more ionization overall
➔ To be taken into account for future XFEL applications
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