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Overview

= Introduction to XFEL
= Theory / XATOM toolkit
= Applications to XFEL experiments

> Conclusion
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What is XFEL?

> XFEL: X-ray Free-Electron Laser

European
. XFEL
> Ultraintense 10% 1 /
| FLASH A

= synchrotron: at most one photon absorbed “W

per pulse
. FLASH
1028 1 FLASH (3rd)
] //( FLASH (5th)

= XFEL: many photons absorbed per pulse
= fluence: ~1013 photons per um2 per pulse
= peak intensity: ~1018 W/cm?2

> Ultrafast

Peak brilliance (photons per (s mrad?2 mm2 0.1% BW))
2
N

. PETRA Il SPring-8
= pulse duration: femtoseconds or sub-fs . ESRF
L 1023 APS
> Characteristics of X rays |
= large penetration depth: small absorption 101 - BESSY s
probability ] /""\
* element specific; inner-shell electrons 1019 T e
10 102 108 104 10° 108

= A wavelength: imaging with atomic resolution Energy (eV)

Ackermann et al., Nature Photon. 1, 336 (2007).
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Where are XFELs?

g S

~ FLASH at DESY, Germany (2004)  BMCERISTELE:
~ LCLS at SLAC, USA (2009) L
> SACLA at RIKEN Harima, Japan (2011) § Gt

> PAL XFEL at Pohang, Korea (2015) |

> European XFEL, Germany (2015)
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What differences from optical strong-field?

> Optical strong-field regime > Intense X-ray regime
= tunneling or multiphoton processes = mainly one-photon processes

= valence-electron ionization = core-electron ionization and relaxation

= multiphoton multiple ionization via a
sequence of one-photon processes

A. A

o &

X rays

-0 * O
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Multiphoton Multiple lonization
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Young et al., Nature 466, 56 (2010).

= First LCLS experiment: fundamental atomic physics in XFEL
= Lots of x-ray photons: repeated K-shell ionization (P) followed by Auger relaxation (A)

= Good agreement between experiment and theory (Nina Rohringer and Robin Santra)
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Ultrafast X-ray scattering

Particle stream “

Nature 470, 73 (2011).
Nature 470, 78 (2011).
Nature Photon. 6, 35 (2012).
Science 337, 362 (2012).
Nature Meth. 9, 259 (2012).
Nature Meth. 9, 263 (2012).

Pulse monitor

Diffraction pattern
recorded on a
pixellated detector

oyttt S, A

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

= Single-shot imaging of individual macromolecules or nano-sized crystals
= Ultrafast (femtosecond) pulse: diffraction before Coulomb explosion

= Electronic radiation damage is unavoidable.
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X-ray-induced atomic processes

> Based on nonrelativistic QED and perturbation theory

> Hamiltonian
I:I — I:Imol + IA{EM + IA{int
Hpy = Zwk&;rc,)\&k)\? wx = |k|/a

k,\
2

i = [ @i [A)- Y| 000+ G [ #0046

> Perturbation theory
I:I — }AIO + I:Iint
|I): initial state, |F): final state

FFI = 27T(5(EF — E[)

(FlflD) + 3

X N 2
F|Hint|M><M|Hint|I> 4.
E[ - EM + 1€

Santra, J. Phys. B 42, 023001 (2009).

C_: F_ l— Sang-Kil Son | Electronic response to XFEL pulses | November 23,2012 9 /29
SCIENCE



X-ray-induced atomic processes (cont.)

> Photoabsorption > Fluorescence
1) = [ W) [ Nar) ‘ .IN
[F) = [W5) [ Nem—1) 1) = &;@Nn|o), |F) = ép|@Nnal | |0)
FyN\F

> Auger and Coster—Kronig decay > Elastic X-ray scattering

‘ ’ b = [U§') | Nem)

N¢
—Cz|(I)N1 _C aCiCjr |(I)N1 |\Ij 1ak AR |NEM 1>
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Electronic damage dynamics by XFEL

> Coupled rate equation

d all config.
%PI(t) = Z L1 Pr(t) =T Pr(t)]
I'#£]1
> Numerlcal procedure o Fe @ 8 keV, 5x1012 photons/um?2, 10 fs FWHM
= construct all possible n-hole
configurations for +n charge state 08 |
for all possible n
= optimize orbital structures for each é 0.6 +
configuration S
o
= calculate cross sections and rates g 04
for each configuration
0.2 -
= solve a set of rate equations with
all parameters 0.0
-20
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XATOM: toolkit for X-ray atomic physics

> What XATOM can do:
= Hartree—Fock—Slater method, bound and continuum states
= photoionization / photoabsorption cross sections
= Auger and Coster—Kronig rates, and fluorescence rates
= elastic x-ray scattering form factors including dispersion corrections
= shake-off branching ratios
= two-photon ionization / resonant excitation included
= plasma screening effect included

= large-scale coupled rate equations: direct solution or Monte—Carlo solution

> Features:
= versatile and simple
= captures all relevant basic processes
= useful for atoms, molecules and clusters

= becomes an essential tool for XFEL simulations
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Applications to XFEL science

Multiphoton multiple ionization

¢ |onization dynamics of heavy atoms
Son & Santra, Phys. Rev. A 85, 063415 (2012).

¢ Xe at LCLS: ultra-efficient ionization
Rudek, Son et al., Nature Photon. (DOI: 10.1038/nphoton.2012.261).

¢ Xe at SACLA: deep inner-shell ionization

Fukuzawa, Son et al., submitted.

Ultrafast X-ray scattering

¢ C: scattering vs. absorption
Son, Young & Santra, Phys. Rev. A 83, 033402 (2011).

¢ Fe: MAD at high X-ray intensity

Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011).
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Decay cascade for heavy atoms

O—O 1s

2p
28 L
Ne** — Ne2+* + e-
@, 1s K

Xet¥ —» Xe(m*)+ + ne-
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Xenon atom interacting with hard X rays

0 = ! ‘ ‘
— H kel —
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lonization dynamics of heavy atoms

Calculation of charge state distributions as a function of fluence

At 4.5 keV: potentially strip off all 44 electrons (in M-, N-, and O-shell)

10

o
w

o o
- N
Fractional yield

Fluence (1012 photons/p,mz)
o N B (o)) oo

o
o

5 10 15 20 25 30 35 40
Charge state

Son & Santra, Phys. Rev. A 85, 063415 (2012).
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lonization dynamics of heavy atoms (cont.)

Charge state

Photoionization

Auger s

Fluorescence
| |

-100 0 100 200 300 400
Time (fs)

> Xe: 1822s22p6 3523p63d10 4524 p64d10 5525p6

> Computational challenge: # of coupled rate egs. ~1M — Monte-Carlo
Son & Santra, Phys. Rev. A 85, 063415 (2012).
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Ultra-efficient ionization by XFEL

1 | @ 1.5keV (experiment) —e— 1.5keV (theory)
1 3 | O 2keV (experiment)  —e— 2keV (theory)
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o—0
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lon yield (a.u.)

o
w
|

> 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

Rudek, Son et al., Nature Photon. (DOI: 10.1038/nphoton.2012.261).
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Ultra-efficient ionization by XFEL (cont.)

> Transient resonant

excitation from 3peven "= -
after 3p |on|zat|orT s . g & o
closed (Xe26+), bringing e AT
Up to Xe36+ g 5S:D:d,f
. -1,000 g
— REXMI mechanism s .f <23 35pd+ 15 ke
. go _ | B 4s,p,d,f
> Electron shuffling: [
more than one electron =
. —2,000
resonantly excited |
> Densely-spaced 2500 _
Rydberg states and < REXMI regon > 3554
; v

Iarge bandWidth Of X- _3100014 | 1‘6 | 1I 26 | 2|2 | 2‘4 | 2|6 | 2|8 | 3‘0 | 3I2 |
rayS Xenon charge state

— T 1
36 38

Rudek, Son et al., Nature Photon. (DOI: 10.1038/nphoton.2012.261).
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Deep inner-shell ionization by XFEL

> Charge state distribution of
Xe measured at SACLA

> At 5.5 keV, L-shell ionization
can be initiated:
~27M coupled rate egs.
— Monte-Carlo on the fly

> 4-photon absorption induces
26-electron ejection (Xe26+)
via intraatomic electron-
electron interaction.

Ion yield (counts/shot)

10 | o 11(|)0 Fukuzawa, Son et al., (submitted).
Peak fluence (uJ/umz)
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Scattering from hollow atoms

> Elastic X-ray scattering form factor

Q= [ drplr) @

> Scattering affected by hollow-atom formation
For C @12 keV and resolution=1.7 A

© © @

neutral single-core-hole double-core-hole
Osc/0abs = 0.057 0.075 0.305

intensity-induced X-ray transparency for Ne: Young et al., Nature 466, 56 (2010).
frustrated absorption for N2: Hoener et al., Phys. Rev. Lett. 104, 253002 (2010).
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Scattering from hollow atoms (cont.)

> Carbon: time-averaged charge as a function of the pulse duration

> Less time-averaged charge when the pulse duration is short enough to
compete with core-hole lifetimes (Auger lifetime).

> Higher intensity of XFEL pulses induces less ionization due to hollow-
atom formation.

L T Tg ' ' ' 1x10°
SO 1107
g 107 3
s T
° F=1x10°
o rio
(&) 1 /
g 107 F .
CI>) o :
5
S O —— 1x10° ]
o102 1 Son, Young & Santra,
o' | Phys. Rev. A83,
L — 1 033402 (2011).
10-3 . 1 1 1 ] ]
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Scattering from hollow atoms (cont.)

Time-averaged population
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> Hollow-atom formation saturates around 1015 photons/umz2.
> Nonlinear effect on scattering intensity after this saturation

> Theoretical results suggest a shorter pulse (i.e., attosecond XFEL)
would be ideal for single-shot imaging.

Son, Young & Santra, Phys. Rev. A 83, 033402 (2011).
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MAD at high X-ray intensity

> Phase problem: F(Q) = /dBr p(r) QT = |F(Q)| Q)

> MAD: Multiwavelength Anomalous Diffraction

> With dispersion correction: f(Q,w) = f°(Q) + f'(w) +if"(w)

> Phase obtained from interferences b/w normal and anomalous terms

> Remarkable changes of f' and " for different configurations and charges

T T T
10 b Fe%* 15%2522p®35%3p®3d®4s® _
1] Fe'%* 1s?25%2p°3s%3p* -------
Fe'%* 1s'2s22p83s%3p° -
oL Fe?0* 15206%0p2 — — ]
Fe?0* 1s'2s%2p®

Anomalous scattering
of Fe near K edge

Photon energy (keV)

Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011).
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MAD at high X-ray intensity (cont.)

> Generalized Karle—Hendrickson equation at high x-ray intensity

dl(w)
ds2

= FC@Q)| |FB]” + |F&” a(w)
+ |Fp| |Fr| b(w) cos Ag’
+ |Fp| |F| e(w) sin Ag’

+ Nit |15%] fa(w) — a(w)} ]

3 unknowns at every single Q: |Fp|, |Fg|,A¢"(= ¢p — op)

1 e ~ 2
Iy [H alw) = 5 d H\W,
{fH}2Z 7 @)= s | dto®)|futeont)
b(w) = f—OZPIH A . fiozﬁfﬂf;;<w>
H'IH H'IH

Son, Chapman & Santra, Phys. Rev. Lett. 107, 218102 (2011).
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MAD at high X-ray intensity (cont.)

> MAD coefficients calculated
by XATOM

> First demonstration of MAD
phasing method in extreme
conditions of ionizing
radiations

> Bleaching effect becomes
beneficial to phasing.

> Theoretical study opens up
a new potential for ab initio
structural determination in
femtosecond x-ray
nanocrystallography.

Son, Chapman & Santra,

CFEL

SCIENCE

22
2.0
1.8
1.6
1.4
1.2
1.0
0.8
0.03
=005 [k A=12.um? - 1 .
0.10 |- A
B ‘I" T =l 002
A
-0.15 - R Y,
i
~0.20 S
. Y — 0.01
-0.25 |- S EC T
. NEM T
e & Mo
~0.30 | £ R
........ i s
-0.35 : L I U Eozo=ed A ! 1 1
7 8 9 10 7 8 9 10

Photon energy (keV)

Phys. Rev. Lett. 107, 218102 (2011).
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Conclusion

> Recent advent of XFEL opens up many unique opportunities in physics,
chemistry, biology, and material science.

> It is crucial to understand interaction of ultraintense and ultrafast X-ray
pulses with atoms and molecules.

> XATOM is an integrated toolkit to investigate X-ray—induced atomic
processes and to simulate electronic damage dynamics.

> We explore ultra-efficient multiple ionization and deep inner-shell
ionization of heavy atoms, scattering from hollow atoms, and novel
diffraction method with heavy atoms.

> Theoretical studies with XATOM explain recent LCLS and SACLA
experiments and lead to new XFEL experiments.

> XATOM becomes an essential tool for XFEL simulations.
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