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Overview
> Introduction to XFEL science
> Atom: x-ray multiphoton multiple ionization dynamics of Xe
> Molecule: x-ray ionization and fragmentation dynamics of CH3I
> Summary
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has been accomplished by single-pass free electron
lasers. In the spectral range from the VUV to hard
X-rays, they provide in pulses of 10–100 fs duration
as many photons as we get today at the best storage
ring facilities
per
second.
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Where are XFELs?
> FLASH at DESY, Germany (2004)

FLASH and European XFEL

> LCLS at SLAC, USA (2009)
> SACLA at RIKEN Harima, Japan (2011)
> PAL XFEL at Pohang, Korea (2016)
> 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?

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

> Structural determination of
biomolecules with x-rays ➔
X-ray crystallography
> Growing high-quality crystals
is one of major bottlenecks
> XFEL provides ultraintense
and ultrafast pulses
> Enough signals obtained
from nano-sized crystals or
even single molecules

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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XFEL science
> Imaging of biomolecules for biology and life science
> Ultrafast dynamics for chemistry and material science
> Matter in extreme states for astrophysics and energy science
➔ XFEL applications waiting for increased theoretical support

SLAC

SLAC
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What happens at high x-ray intensity?
> Fluence (photons/unit area) to saturate one-photon absorption
Number of scattered photons
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Son, Young & Santra,
Phys. Rev. A 83, 033402 (2011).

> 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
Center for Free-Electron Laser Science
Soncooperation
| What happens
atomsorganizations:
and molecules during XFEL pulses? | November 19, 2015 | !9 / 35
CFEL is Sang-Kil
a scientific
of thetothree
DESY – Max Planck Society – University of Hamburg

X-ray absorption (single photon)

Ne

Ne+✽

Ne2+

2p
2s
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Photoionization

Auger decay
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X-ray multiphoton absorption
> Direct multiphoton absorption cross section is too small
Doumy et al., Phys. Rev. Lett. 106, 083002 (2011).

> Sequential multiphoton absorption is dominant
...
Ne

NATURE | Vol 466 | 1 July 2010

Ne+✽

Ne2+

Ne3+✽

ARTICLES
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followed by simultaneous multiphoton absorption, as energetically
Ne8+
required to reach the next higher charge state17, is one proposed mechV
anism, although the excitation of spectral features such as a giant atomic
V
Ionization
V
resonance may modify this simple picture18. Studies of high-intensity
V
V
photoabsorption mechanisms in this wavelength regime have also been
V
3,19
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conducted on more complex targets . For argon clusters, it was found
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Ne10+
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at longer wavelengths (.100 nm; refs 20, 21), no longer contribute. For
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2,000 eV
Time
can be examined experimentally. In contrast to the studies at longer
wavelengths, all ionization steps are energetically allowed via singlephoton absorption, a fact that makes theoretical modelling conFigure 1 | Diagram of the multiphoton absorption mechanisms in neon
Center for Free-Electron Laser Science
siderably simpler. We exploit the remarkable flexibility of the LCLS
induced by ultra-intense X-ray pulses. X-rays with energies below 870 eV
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consequent Auger decay the 1s-shell vacancy is filled by a 2s,p-shell electron
and quantify photoabsorption pathways in the prototypical neon

Sequential multiphoton
multiple ionization dynamics

Young et al., Nature
466, 56 (2010).

How to treat x-ray multiphoton dynamics?
> No standard quantum chemistry code available
> Theoretical challenges
§ tremendously many hole states by x-ray multiphoton absorption
§ electronic continuum states
§ complex multiphoton multiple ionization dynamics
§ coupled ionization dynamics and nuclear dynamics (for molecules)
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XATOM
> XATOM: x-ray and atomic physics toolkit
§ electronic structure: calculated for every single configuration
§ electronic dynamics: rate-equation model
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Son, Young & Santra, Phys. Rev. A 83, 033402 (2011).
Center for Free-Electron Laser Science
Soncooperation
| What happens
atomsorganizations:
and molecules during XFEL pulses? | November 19, 2015 | !13 / 35
CFEL is Sang-Kil
a scientific
of thetothree
DESY – Max Planck Society – University of Hamburg

10

20

XATOM: Numerical details
> Hartree-Fock-Slater method


1 2
r + Vext (r) + VH (r) + VX (r)
2

i (r)

= "i

i (r)

> Numerical grid: non-uniform for bound states and uniform for continuum
nlm (r) =

unl (r)
Ylm (✓, ')
r

> Calculate all cross sections and rates of x-ray-induced processes using
atomic continuum
> Solve coupled rate equations

d
PI (t) =
dt

all X
config.
I 0 6=I

[

I 0 !I PI 0 (t)

I!I 0 PI (t)]

> Sequential ionization model has been tested by a series of atomic
XFEL experiments: Ne, Ar, Kr, Xe, …
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Example: Xe atom
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Complex inner-shell decay cascade

Ne

Xe
2p
2s

1s

Ne+✽ → Ne2+ + e–

5p
5s
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4d
4p
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N

3d
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M

2p
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L
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K

Xe+✽ → Xe(n+1)+ + ne–
Auger (Coster-Kronig) decay cascade
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Ionization dynamics: Monte Carlo method
Xe: 1s2 2s2 2p6 3s2 3p6 3d10 4s2 4p6 4d10 5s2 5p6
> More than 1 million coupled rate equations to be considered
> More than 40 million x-ray-induced processes to be considered
➔ solved by the Monte Carlo method
Son & Santra, Phys. Rev. A
85, 063415 (2012).

direct solution

Monte Carlo approach
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X-ray multiphoton ionization dynamics
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Charge-state distributions of Xe
Xe@4.5 keV

Son & Santra, Phys. Rev. A 85, 063415 (2012).
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Ionization thresholds of Xe ions
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Comparison with SACLA experiment
SACLA experiment
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Fukuzawa et al.,
Phys. Rev. Lett.
110, 173005 (2013).

§ Xe L-shell ionization: good agreement
§ underestimation in theory: lack of relativistic effect, shake-off, and
resonance effect
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X-ray multiphoton ionization mechanism
§ To reach Xe24+: 5 photons
absorbed, 24 electrons ejected
week ending
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MOLECULE
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XMOLECULE
> XMOLECULE: x-ray and molecular
physics toolkit
§ quantum electrons, classical nuclei
3+

N2

§ efficient electronic structure
calculation: core-hole adapted basis
functions calculated XATOM
§ Monte Carlo on the fly
N+: 1s12s22p3

N2+: 1s02s22p3

Ab initio ionization and fragmentation dynamics
induced by intense XFEL pulses
Hao, Inhester, Hanasaki, Son & Santra, Struc. Dyn. 2, 041707 (2015).
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XMOLECULE: Numerical details
method
> Hartree-Fock-Slater


1 2
r + Vext (r) + VH (r) + VX (r)
2

i (r)

> MO represented by linear combination of AO:

= "i

i (r)

i (r)

=

X

Cµi

µ (r)

µ

> AO: numerical solutions of corresponding atomic core-hole states
nlm (r) =

unl (r)
Ylm (✓, ')
r

> Matrix eigenvalue problem
Hµ⌫ =

Z

d3 r

µ (r)



calculated by XATOM

HC = SCE

1 2
r + Ve↵ (r)
2

⌫ (r),

> Various numerical techniques employed

Sµ⌫ =

Z

d3 r

µ (r) ⌫ (r)

§ multicenter integration on a molecular grid built from atomic grids
§ multicenter expansion and multipole expansion in direct Coulomb interaction
§ maximum overlap method to prevent variational collapse
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Various multiple-hole states of CO
4
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Example: CH3I
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charged higher than Se have lower abundance, since photons

a given time.
domain, such as high-harmonic
generation
and
two indepe
are almost exclusively
absorbed
by the Seas
constituent.
Considering only selenium and carbon ions, the highest
cal photoexciEarlier works on molecules
at low
intensity
charge state combination
observed
with statistical signifiuents (5, 6) or
cance is Se9þ þ C3þ . Although proton fragments were
detected as well, we do not use them for the determination
(2, 7) to trigger
of the total charge state of the molecule, because typically
more than one proton is ejected, and the total detection
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Total charge of molecule is similar to atomic charge.
Heavy atom charges are reduced after charge rearrangement.
Still valid for high x-ray intensity?

Methyl iodide at high x-ray intensity
> Selective ionization on heavy atom
σ(I)~50 kbarn
σ(C)~80 barn

CH3I @ 8.3 keV

σ(H)~8 mbarn

> Multiphoton ionization occurs at high fluence: F > Fsat ~ 2×1011 ph/µm2
> Charge imbalance induces charge rearrangement
> Coulomb explosion after/during ionization & charge rearrangement
> New experimental results:
LCLS CXI using nano-focus
➔ peak fluence ~ 5×1012 ph/µm2

LCLS
experiment
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Ionization & fragmentation dynamics

H+

3+ after 22-photon absorption
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24+
CH3I 48+

I41+

H+

C4+

H+
Center for Free-Electron Laser Science
Soncooperation
| What happens
atomsorganizations:
and molecules during XFEL pulses? | November 19, 2015 | !31 / 35
CFEL is Sang-Kil
a scientific
of thetothree
DESY – Max Planck Society – University of Hamburg

Time evolution of partial charge population
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Molecular ionization enhancement
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CH3I @ 8.3 keV, 30 fs FWHM
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molecular total charge > atomic charge: experimentally confirmed
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Application: x-ray molecular imaging
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Gd-Lysozyme
experiment at LCLS

Henry Chapman
at CFEL

Lorenzo Galli
at CFEL

ME

NT

Effective scattering strength
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HIP: Galli et al., IUCrJ 2, 627 (2015).
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Figure>2 The
resulting bottleneck
effective scattering
Another
ofstrength
x-rayofcrystallography:
phasing

> Proposals of novel phasing methods:
utilizing selective ionization of heavy atoms
at high x-ray intensity
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refinement cycle.
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HI-MAD: Son et al., PRL 107, 218102 (2011).
HI-RIP: Galli et al., J. Synch. Rad. 22, 249 (2015).

> Based on knowledge of dynamical behaviors of heavy atoms within a molecule
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Summary

XATOM

XMOLECULE

> XATOM and XMOLECULE provide a physical insight of fundamental
interactions between matter and intense XFEL pulses
> Multiphoton multiple ionization dynamics of Xe:
a sequence of photoionization and accompanying relaxation processes
> Charge rearrangement dynamics of CH3I:
molecular ionization enhancement at high x-ray intensity
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Thank you for your attention!
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