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Introduction
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XFEL: X-ray free-electron laser

> revolutionizing ultrafast science FEL

> photon energy: ~10 keV
number of photons: ~1013
focal size: ~10 ym x 10 uym
pulse duration: ~10 fs
-> peak intensity ~1018 W/cm?2

> novel light-matter interaction:
sequential multiphoton multiple synchrotron
ilonization dynamics

10" Photons

—— 2-100fs

10° Photons

/ 100 ps

> frustrated absorption:

time

higher intensity, less ionization Schneider, Rev. Accl. Sci. Tech. 3, 13 (2010).
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Towards terawatt-attosecond XFEL pulses

> XLEAP at LCLS: generates

tunable isolated attosecond X-ray <l
pulses with gigawatt peak power
o (13)
> ~1012 W tightly focused on 0 ot
1 um x 1 uym = 1020 W/cm?2 ~
> Why terawatt-attosecond pulses? £ . o o
. ; 0(162)0(16) o ref. Z 260 as
= ultrashort pulse: probing : |° ot 13085
electronic dynamics o 5(‘31))13"1‘;4) 20 . EEZ “ 1500
. . (8 o re:”: ggg :2
= ultraintense pulse: single 212211: 130as
particle imaging wol ] e
0(9) o ref. 20, 53 as
How does matter interact with 20 w0 w0 a0 100

ultraintense and ultrafast pulses?

K-shell absorption edge

Photon energy (eV)

Duris et al., Nat. Photon. 14, 30 (2020).
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X-ray ionization: peeling or coring

a Peelmg T ... bCorIng P .

K-shell —s
electrons

Nucleus —u \

]

.
~~ |-shell
electrons

X-ray light X-ray light
below 870 eV above 993 eV

“X-ray laser peels and cores atoms,” Wark, Nature 466, 35 (2010).
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Relaxation of inner-shell vacancy

Ne*@s) Xet _"&%72?{! 0
1) ©00e390¢ Ad4
: 2 (23— O o/ N

O—O 2s M
L
O—0O 1s
o—oO 1s K
Auger decay (or fluorescence) Auger cascade makes complex
after core ionization ionization dynamics
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Sequential multiphoton multiple ionization

= At high x-ray intensity, the system can absorb many photons

= Direct multiphoton absorption: negligible if one-photon abs. is available
Doumy et al., Phys. Rev. Lett. 106, 083002 (2011).

= A sequence of one-photon absorption and accompanying relaxations

14 , | : |
= Photoionization 41 fs
—
12 = wm Auger/Coster-Kronig - Xe@5.5 keV
Fluorescence 1.3 fs
10 Ml |
%’ 3.6 fs
x 8 r
> | 5.3 fs |
2 gL 171 | 1
c I 1
L
T Fukuzawa et al.,
2 1 Phys. Rev. Lett.
, | . 110, 173005 (2013).
O —o—0—+¢
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Charge states

Sang-Kil Son | Breakdown of frustrated absorption in x-ray sequential multiphoton ionization | April 1,2020| 8 /34

(@)
|_|'|
I—

wn
@)
m
Z
0O
m



XATOM: all about x-ray atomic physics

> X-ray-induced atomic
processes calculated for @
any given element and

configuration
> lonization dynamics 's[Rs)
solved by a rate-equation
approach o, Y
> Sequential ionization

model has been tested by ‘H

a series of atomic XFEL

experiments
Son, Young & Santra, Phys. Rev. A 83, 033402 (2011).
Jurek, Son, Ziaja & Santra, J. Appl. Cryst. 49, 1048 (2016).
Download executables: http://www.desy.de/~xraypac
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http://www.desy.de/~xraypac

Comparison with experimental CSD

) | | | | | | | | LCLS experiment
107 Xe@5.5 keV
o
2 102 | . ; i
= { Daniel Rolles Artem Benedikt
_5 at KSU Rudenko Rudek
) ® at KSU
_2 1 1
© \ ]
q) 1
s 103 | 4- -e -- Nonrelativistic, resonances [ il XATOM
: o ¢ development
. —e— Relativistic, no resonances
| —e— Relativistic, resonances
. | —=— Experiment Rudek et al.,
10- | | | | | | N
0 5 10 15 20 25 30 35 40 45 [vat. Commun.

Charge state 9, 4200 (201 8)-

= CSD (charge-state distribution): outcome of ionization dynamics
= Sequential multiphoton multiple ionization model verified
= Structured CSD: interplay of resonance and relativistic effects
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Frustrated absorption
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Pioneering works for Ne and N:

@ 230 fs to 80 fs model
@ 230 fs to 20 fs model
O Experiment

> Ne atom
= Young et al., Nature 466, 56 (2010).

-
o

= long to short pulse yield ratio > 1:
longer pulse gives higher yields for
high charges

Long to short pulse yield ratio

v

1 1
I I

1 2 3 4 5 6 7 8 9 10
Ne charge state

»

= Intensity-induced x-ray transparency

—_
©

> N2 molecule
= Hoener et al., PRL 104, 253002 (2010).

= mean charge reduced for shorter pulses

Y
~

—_
(e}

—_
~

average charge state
(&)

= frustrated absorption

—_
w

P E N B B .
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pulse width (fs)
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Frustrated absorption: carbon

Time-averaged charge

—_
o
o

—
Qe

102 |

103

. Tp Tg | | | 1x1016pH4nn2

o

g 1x10'° ph/um?

F=1x10"% ph/um?

— |
1x10"3 ph/ym?
1x10'2 ph/ym?

’/ | | | | |

20 40 60 80 100

X-ray pulse length (FWHM, fs)

120

C@12 keV

Son, Young & Santra,
Phys. Rev. A 83,
033402 (2011).

= For pulse duration > SCH lifetime, almost no dependence

= For pulse duration < SCH/DCH lifetime, average charge is reduced

SCIENCE
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Frustrated absorption: argon

(c) Ar@6.5 keV and 3.93x10'2 ph/ym?

Charge state
oON PO O

Fractional yield

0 10 20 30 40 50 60

Pulse duration (fs) Ar core-hole lifetime:
Art(1s1) ~1fs

Toyota et al., J. Synchrotron Radiat. 26, 1017 (2019). Aris+ (151 282) ~ 15 fs

= CSD (charge-state distribution) as a function of pulse duration
= No dependence except pulse duration shorter than core-hole lifetime
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Implication of frustrated absorption

> Mechanism of frustrated absorption

= hollow-atom formation: another photoionization before core-hole
relaxation = cross section reduced => less ionization

= shorter pulse, less radiation damage = advantage for molecular imaging

C@12 keV
neutral single-core-hole double-core-hole
Oabs = 23 barns 13 barns 2 barns
Osc/0abs = 0.057 0.075 0.305

For scattering (sc), resolution=1.7 A is assumed.

C F L Sang-Kil Son | Breakdown of frustrated absorption in x-ray sequential multiphoton ionization | April 1, 2020 | 15/ 34 @
SCIENCE



Frustrated absorption for heavy atoms

> Frustrated absorption has been verified for light atoms

> What happens for heavy atoms? Core-hole lifetime is even shorter
> Previous studies: almost no dependence of Xe on pulse duration

Xe@5.5 keV, 300 wJ, 1x1 um?, 2 mm, 30%

1 : :
E 10fs —e—
: 30fs —o— |
01 L
E L
©
3 |
3 0.01 |
ke) :
5
©
= ,
0.001 |
: Test calculation for
’ SACLA Xe@5.5 keV
0.0001 ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30

Charge state
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Breakdown of
frustrated absorption:
a study of Xe@1200 eV

Son, Boll & Santra,
Phys. Rev. Res. 2, 023053 (2020)



Photoabs. cross section of Xe at 1200 eV

’ w—Wshell PI = PI: photoionization
6 === N-and O-shell P! (bound—continuum)
. | mmmm PE from 3s,), | .
5 s PE from 3p, , = PE: resonant
£ 4 e PEfom3pg, | photoexcitation
% N : : ::2: 2:3/2 | (bound—bound,
5 5/2 3=sn<30&0=</=<7
© 2l = I 1 in calculation)
- TN ) | = M-shell ionization /
; AL I excitation is dominant

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Charge state
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Pulse-duration dependence of Xe CSD

40 40
(d) 1x10'2 ph/ymz, no resonance
35 35
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Breakdown of frustrated absorption

40 T T T T T T T T T T T T T T T T T T T
1x10'2 ph/pm2 ——
Xe@1200eV » 5
5x10 ' ph/ym= ———
2><1O11ph/ym2 |
@ 1x10" ph/pm2 ——
> 30 - 5x10'° phjym? —— -
8
(@)
[
5
s 257 At high fluences,
M, more ionization
20 (anti-frustrated absorption)
0.2 1 10 100 1,000 10,000 100,000
At low fluences, Pulse duration (fs)

shorter pulse, less ionization
(frustrated absorption)
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Hole population dynamics: low F, long 1

O Low fluence, long pulse: 5x1010 ph/umz2, 500 fs

1 T w w I LU R R L ] 50
—— 5sp (O-shell) 45
c - —— 4spd (N-shell)
© 08 4 | = 3spd (M-shell) 40
L . —— Total charge 35
S 0.6 - | 30 o
3 g
'GC) 04 + - 20 O
= ya
5 / .
DG:J 0.2 . / 5O
O e —— TSI TR IATITY RARATIT METOTY MR J \ [T O
-10° 0 103 10° 10" 10° 0 10° 10° 10" 10°
Time (fs) Time (fs)

= X-ray ionization dominated by M-shell ionization (coring)
= No hollow-atom (multiple-core-hole) formation is observed
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Hole population dynamics: low F, short r

@ Low fluence, short pulse: 5x1010 ph/um2, 0.5 fs

1 i - - 50
) — 5sp (O-shell) 4
- - —— 4spd (N-shell)
oS 0.8 ¢ - —— 3spd (M-shell) 40
L . —— Total charge 35
S 0.6 - 30 o
Q 25 ©
o =
= 04+ 20O
<> i 1 . M .
— |
g 02 — 10
e 5 long pulse
0 e Brm / ot st s sk f. )
-1 0 110 10* 10° 0 1102 10* 10°
Time (fs) Time (fs)

= Shorter pulse facilitates multiple-core-hole formation
= Reduction of cross section & Auger decays = mean charge decreases
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Hole population dynamics: high F, long 1

® High fluence, long pulse: 1x1012 ph/um2, 500 fs

1 \ | T [T T TTy T T]T Ty T Ty T ) 50
—— 5sp (O-shell) 45
- - —— 4spd (N-shell)
© 08 4 | = 3spd (M-shell) 40
L . —— Total charge 35
o
o 0.6 | 30 o
o
@ - 25 3
o / &
5 04+ I 20O
= 15
3 [
¢ 027 [ 10
5
0 l/ ! Lol ool ol ol ol J\ w w [ 0

103 0 10 10° 107 10° 0 10® 10° 10" 10°
Time (fs) Time (fs)

= At high fluence, M-shells are ionized after losing N- & O-shell electrons

= Direct M-shell ionization stops at +19; resonance makes higher charges
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Hole population dynamics: high F, short r

O High fluence, short pulse: 1x1012 ph/um?2, 0.5 fs

1 Hum : : : k T 50
—— 5sp (O-shell) 45
c - —— 4spd (N-shell)
© 08 - —— 3spd (M-shell) 40
L . —— Total charge 35
o
8_ 06 B / ............... 63-0—%—
o) 25 ©
[e) / c
'GC) 0.4 + 20 O
= / 15
(1Y)
EJ 0.2 / 10
/ 5 long pulse
0 A J e e e e )
-1 0 110 10* 10° 0 1102 10* 10°
Time (fs) Time (fs)

= Massively hollow atom (MHA): ~75% of M-shell electrons are ionized

= Early formation of MHA enables to go beyond the ionization limit
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lonization mechanism: short vs. long pulses

O 1x1012 ph/pm2 0.5 fs (FWHM) © 1x1012 ph/pm2 500 fs (FWHM)
40 | 40
—_— Phot0|on|zat|on —_— Phot0|on|zat|0n
35 - Photoexcitation 101 35 - Photoexcitation
S
A — A
30 | uger 0.2fs i 30 L uger
Fluorescence . Fluorescence
S 25 7ps S 25
< 3
> 20 - >
2 <y
2 2
w 15 im|
10 +
5t
0

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40

= Get a higher final charge via = Close to the ionization pathway

highly excited (~10 keV) states via ground states

= Quasi-nonsequential absorption
in the X-ray regime
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Pulse-duration dependence of Xe and Ne

50

45 T—— . (a) Xe@5500 eV

> Heavy atoms at hard X-ray

= FA at low fluences

g /
§ 5x10"3 ph/pm2 —— . .
S " 210" = anti-FA at high fluences
é 30 - 1 1x10'3 ph/ym?
25 510" phium? c.f.) Xe experiment at LCLS CXI:
o 2x10'2 phiym? peak fluence ~2.5x1012 ph/um?2
0.2 1 10 100 1,000
Pulse duration (fs)
10

’ _\/’—— b)Ne@tosoev  ~ Light atoms at soft X-ray
M\\\\Mt

= FA at low fluences

§ 8 1x10"3 phjum? ——
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11 2
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Pulse duration (fs)
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When anti-frustrated absorption occurs?

> As pulse duration becomes shorter, X-ray multiphoton ionization can be
suppressed or enhanced, depending on fluence and photon energy

> Breakdown of frustrated absorption when fluence is sufficiently high

> No anti-frustrated absorption when photon E exceeds max ionization E

0 s 0 — —
' “_‘:—_‘-_—:du..r_..___-_._____h__________. _______ == —
‘\I%;-_*‘ . EE— '-&L-..._._,,__________\ — —
-200 l \ ~
2
\b T
< -400 1s 1 <
< 25 —e— é), 4 :
Ne 277 = i
= -800 O TR 2802333t Seeese il
,— L (U - -
2 »—k‘,\”_\‘ n= = L-shell —— %‘*\
5 - S M-shell —e— ..,
O -1000 — n=5 4 O et
— N-shell —o— .
\ '8 “Q
-1200 \ O-shell —«— K\
\ Rydberg N
1400 L= ' 10 S - A\
0 1 2 3 4 5 6 7 8 9 0 5 10 15 20 25 30 35 40 45 50
Charge state Charge state
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Wavelength-dependence of
soft x-ray ionization
(preliminary results)



European XFEL SQS beamtime

Proposal 2310:
October 16-23, 2019

| Rebecca Boll, Thomas
Baumann, Alberto De Fanis,

) Valerija Music, Daniel Rivas,
Aljoscha Rorig, Philipp
Schmidt, Sergey Usenko,
Michael Meyer (EuXFEL SQS),
Joakim Laksman (EuXFEL
XPD), Svitozar Serkez
(EuXFEL SPF), Benjamin Erk
(DESY), Shashank Pathak,
Daniel Rolles (KSU) — to be
completed

Photon energy scanned from 700 eV to 1800 eV
Highest pulse energy (~6—7 mJ) = estimated peak F~2x1012 ph/um?
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Photoabsorption cross section

bandwidth=1%

Charge state
N
o
Cross section (Mb)

—h
oI

800 1000 1200 1400 1600 1800
Photon energy (eV)

One-to-one relation between bound—-bound transition E and the peak
structure of photoabsorption cross section
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Volume-integrated CSD

1N
o

Xe at F,

pea

=2x102ph/

Charge states
- 2 NN W W
o (&) o &) o (&)

800 1000 1200 1400 1600 1800

Photon energy (eV)
Volume integration: single Gaussian, Fpeak=2%1012 ph/um?2 assumed
Characteristic fringes explained by bound—bound transitions
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Comparison with experimental results

Theory Experiment (preliminary raw data)

Charge states
- N N W
(&) o (&) o

Y
o

(¢}

800 1000 1200 1400 1600 1800
Photon energy (eV)

Some spurious signals in theory: nmax to be increased
Volume integration in theory: fluence distrib. to be calibrated with Ar data

Correction factor in experiment: differences in detector signal heights

Overall, very good agreement between theory and experiment

C F E L Sang-Kil Son | Breakdown of frustrated absorption in x-ray sequential multiphoton ionization | April 1, 2020 | 32 / 34 @
SCIENCE



lon yield

lon yield

Pulse-duration dep. of volume-integ. CSD

(a) 1200 eV, peak fluence=1x10"" ph/um2

11s FWHM —o—
3fs FWHM = |
10 fs FWHM |
30 fs FWHM —o— |

100 fs FWHM +—e— |

10

25 30

Charge state

15 20 35 40 45

(b) 1200 eV, peak fluence=2x10'2 ph/um2

25
Charge state

20 30 35 40 45
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> Effects of volume
integration

= Gaussian spatial profile
contains a range of F

= all contributions together

> Low peak fluence:
shorter pulse, less
ionization (FA)
> High peak fluence:
shorter pulse, more
ionization (anti-FA)
> Peak structure =
fingerprint of pulse

duration?



Conclusions

> XATOM: enabling tool for studying

—— 1 fs FWHM

X-ray multiphoton physics 0 pwi e
. 35 10 fs FWHM - W
> Frustrated absorption: one of the & —— e )
fundamental aspects in the XFEL— £ 2~ 1ocotsrwru /
& 20
matter interaction 2 . v
. 10
> At extremely high X-ray fluence, o WM
the paradigm of frustrated x10° | 1x1010 1x10"" 1x10"2 1x10'® 1x10'
absorption can break down Flvence (phium)

> As an XFEL pulse gets shorter, X-ray multiphoton ionization can be
suppressed or enhanced, depending on fluence and photon energy
-> critical benchmark for terawatt-attosecond XFEL pulses

> European XFEL SQS can deliver extremely intense soft X-ray radiation,
where we expect to see the breakdown of frustrated absorption
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