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XFEL: X-ray free-electron laser

> Ultraintense: up to ~1020 \W/cm?2 10%
] European
> Ultrafast: ~femtoseconds oo e y
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Schneider, Rev. Accl. Sci. Tech. 3, 13 (2010). Ackermann et al., Nature Photon. 1, 336 (2007).
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Where are XFELs?

> LCLS at SLAC, USA (2009)

> SACLA at RIKEN Harima, Japan (2011) = * .

> PAL XFEL at Pohang, Korea (2017)

> European XFEL, Germany (2017)




Why ultraintense and ultrafast?

> Structural determination of
biomolecules with x-rays i
-> X-ray crystallography P

Pulse monitor

> Growing high-quality crystals
is one of major bottlenecks

> Enough signals obtained from
even single molecules by
using ultraintense pulses

Diffraction pattern
recorded on a
pixellated detector

> Signals obtained before
radiation damage by using

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

How does matter interact with ultraintense and ultrafast pulses?

g F_El— Sang-Kil Son | Ultrafast explosion dynamics of molecules at high x-ray intensity | January 8,2018 | 5 /15
SCIENCE



Fundamental x-ray—matter interaction

W foe oo

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

= Sequential multiphoton multiple ionization
Xe at high x-ray intensity
= Extremely complicated ionization dynamics
gg o = Highly excited electronic structure
* No standard code available

-000C H O OO0~ 4d
—OQO0O0KH00— 40 N

\‘ ° 4s
20,0.0,0.6.0.0. 00,6 KN
—000N00— 3 M XATOM
O0—O 3s = Efficient electronic structure calculation for
0-00 2p . every single electronic ?onfiguration
Oo—O 2s = Calculate all cross sections and rates
= Solve rate eqs for ionization dynamics
Oo—O 1s K

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

Xe@4.5 keV

Charge state

Photoionization

Auger —

Fluorescence
|

l l
100 200 300 400
Time (fs)
Son & Santra, Phys. Rev. A 85, 063415 (2012).
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Comparison between theory & experiment

1 | @ 1.5keV (experiment) —e— 1.5keV (theory)
1 3 |0 2keV (experiment) ~ —e— 2keV (theory)
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Xe charge state

> Xe at LCLS: M-shell ionization Rudek et al., Nature Photon. 6, 858 (2012).
= 2 keV: excellent agreement between theory and experiment

= 1.5 keV: further ionization via resonance (REXMI)

> Xe at SACLA: deeper inner-shell Fukuzawa et al., PRL 110, 173005 (2013).

> Recent study of interplay between resonance and relativistic effects
Toyota, Son & Santra, PRA 95, 043412 (2017); Rudek et al., in preparation.
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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. CHsl ~ 200 trillion rate egs 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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lodomethane In ultraintense x-ray pulses

New experimental setup: LCLS
_ experiment
LCLS CXI using nano-focus
- new realm of intensity
ing ~ 19 2
approaChmg 2x1019 Wicm Daniel Rolles  Artem Rudenko
at KSU at KSU
Selective ionization on heavy atom Measurement of ion ToF and hit position

CH:l @ 8.3 keV
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Rudenko et al., Nature 546, 129 (2017).
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Capturing ultrafast explosion dynamics

o H*
t=-32fs t=-27"fs t=-22fs ° t=+13fs /
e @ :
e » &) ("N e (\‘“ O e O s @ ----- 1h @
@ |47+ CH H+
| e v
2A e
Total molecular '™
charge +0 +9 +13 +54 H
lonization dynamics Nuclear dynamics
60 ‘ 20
Total /
o 50
(o))
S 40 | — A——" < 15
= // =
€ 3 C /, 4 /
© 20 Hx3 & /
o ()
o \ // Z 5
g 10 <
< FM
0
| | | | 0
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

Time (fs) Time (fs)

Rudenko et al., Nature 546, 129 (2017).
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Comparison between theory & experiment

CSD of | and CHsl

B lodine fragment charge (experiment)
=4 lodine fragment charge (theory)
—§— CHjl total charge (theory)

1003
10‘1—5

1 0‘2—5

lon yield (arbitrary units)

1 0’3—5

10

Charge state

Mean kinetic energy (eV)

KER of | fragment

120

®  Experiment

] 4 Theory, Gaussian pulse
1004 ¢ Theory, measured pulse i
| — Instantaneous s§°¢
ionization model :I;I
80 2 57
!!1;' ]
- zz33%
60 %% g3 3 ° -
g* I=3
5;2111{
40- s3iz .
20 13 509 i
1 7. ;§1£¥ i
0- ‘to!z! -
T T T T T T T T T
5 10 15 20 25 30 35 40 45
Charge state

> CSD (charge-state distribution) and KER (Kinetic energy releases):
sensitive to detailed ionization and fragmentation dynamics

> Capturing the essence of ionization and fragmentation dynamics of

molecules at high x-ray intensity

Rudenko et al., Nature 546, 129 (2017).
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lonization enhanced by charge rearrangement
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selective ionization
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CREXIM: Charge-Rearrangement-

repeating Enhanced X-ray lonization of Molecules

selective ionization

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