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Outline

= Context & motivation

= Non-resonant high intensity x-ray phenomena
LCLS Experiment 1: Oct 1 - 6, 2009

= Resonant high intensity x-ray processes
LCLS Experiment 5: Oct 29 - Nov 3, 2009

= X-ray two-photon photoelectron spectroscopy
LCLS Experiment X: Aug 5-10, 2010

= Summary
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Compare the evolution of high intensity
optical and x-ray sources

Hign-intensity at optical wavelengths High-intensity at x-ray wavelengths
- high harmonic generation ?
- tabletop coherent x-ray radiation ?
?

- attosecond pulses
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Contrast optical and x-ray interactions at high
intensity
At long wavelengths - laser-driven electron dynamics is dominant

electron ponderomotive energy (au)

U, = l/4w?

displacement

o = E/w?
Graphic from Corkum & Krausz
Nature Physics (2007)
Ti:sapphire laser (1.55 eV) PW/cm? LCLS (800 eV) 100 PW/cm?
Up~60eV&a~50au Up~25meV&a~0.00Sau



Science Drivers for LCLS
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N AMO: Atomic Molecular and Optical

i ‘3

The First Experimeni_:s

SXR: Soft X-ray Materials Science
XPP: X-ray Pump-Probe

XCS: X-ray Correlation Spectroscopy
CXI: Coherent X-ray Imaging

MEC: Materials in Extreme Conditions

AMO

e Understand and control x-ray atom/molecule interactions at ultrahigh x-ray
intensity as a foundation for other applications.

e Provide diagnostics of the LCLS radiation



Protein Molecule
Injection

To Mass
Spectrometer

Operaning with ulrafast pulses, LCLS will take Images of
molecules dropped Inco the x+ay beam. Sclendsts will
merge the series of diffractdon pacterns of the molecules
In many differert positions. The resultng three-dimen
sional reconswruczion will reveal the soructures of pro
teins that cannot be crystalized and thus studied any

other way.

Serial crystallography

X-ray Diffraction Pattarn




AMO questions at the ultraintense x-ray frontier

Before During ~10fs . After ~50 fs

« fundamental nature of x-ray
damage at high intensity
-Coulomb explosion
-electronic damage
-behavior at 1022 W/cm?2- 1A
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Diffraction pattern

* nonlinear x-ray processes
role of coherence

3x10'2 x-rays
100 nm spot
12 keV

« quantum control of

10 fs = 1022 W/cm?
inner-shell processes

3D reconstruction
possible from many views

Neutze, Wouts, van der Spoel, Weckert, Hajdu Nature 406, 752 (2000)



LCLS Experiment 1 - Oct 1, 2009

Nature of the electronic response to

10° x-rays/A2
80 -340fs
800 - 2000 eV

~1018 W/cm?

Original single molecule imaging parameters, Neutze et al. Nature (2000)
3 x 1012 x-rays/(100 nm)2 = 3 x 106 x-rays/A2
10 fs
~1022 W/cm?2
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NEWS & VIEWS

ATOMICPHYSICS

X-ray laser peels and cores atoms

Justin Wark

The world's first kiloelectronvolt X-ray laser produces such a high flux of photons that atoms can be
‘cored’. In other words, the light source can knock out both the electrons of an atom's innermost shell.

a Peeling

b Coring

K-shell —»
electrons

Nucleus — \

»

|
- Lshell

electrons J8

X-ray light X-ray light
below 870 eV above 993 eV
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Our approach to understanding ultraintense x-ray
interactions

= Start with a well-characterized target

Binding energies in neutral neon
2p:~21eV
2s : 48 eV
1s:~870 eV
Inner-shell excitation
Auger yield 98%
Auger clock - t,.: 2.4 fs ‘

neon photoabsorption

N NP NANNyNy—-

n=2

Cross section (Mb)

Probe changes in interaction from outer- to inner-shell between
800-2000 eV
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Guided by theory

Theory: Rohringer & Santra, PRA 76, 033416 (2007)
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Three target energies: 800 eV, 1050 eV, 2000 eV
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Valence ionization, core ionization and Auger decay

A
ionization

1050 eV
c) Ne %«

Ne8+

Ne10+

2000 eV

time

Sequential single photon processes dominate the interaction

13



How does one arrive at a particular charge state?

Low
Intensity
PAP

* Hollow atoms produced at high x-ray intensity
* Electron spectroscopy can define the mechanism

o\:-f? ”



High field physics chamber

Ne gas Jet

5 eTOFs for
anqgular
distributions

John Bozek
Christoph Bostedt
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Day 1 - two interesting observations

= Single ~100 fs pulse at 2000 eV fully strips neon
6-photon, 10-electron process

| | I

— 80fs
— 250fs
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3+
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9+
5+

f- e

0
3e-06  2.5¢-06 2e-06 1.5¢-06 le-06
<«— Time of Flight (secs)

= Shorter pulses with equal pulse energy & fluence suppress
absorption & damage.

lon Yield (arbitrary)

e
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lon Yield (arb units)

Theory can model ultraintense x-ray-induced
electronic damage in neon

a b
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Atoms become transparent at high x-ray intensity !

o

b=

o - 230 fs to 80 fs model

%1 0 - 230 fs to 20 fs model

=F < Experiment

L ionization o
a Ne
<

] i

G

o '}
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| T >

== Single core hole
™= Double core hole

—
™

10F

1s lifetime (fs)

1 2 3 45 6 7 8 9 10
Neon charge state

- x-ray absorption is due to the presence of 1s electrons
- high x-ray intensities eject 1s electrons rendering the atom transiently transparent
- slowing atomic clocks create transparency at surprisingly long timescales

6 18



Electron spectrometers track ionization mechanism

Counts

Counts

Counts
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! 8 =0°

1s photoelectrons

Ne

2+ -
Ne
3+

Ne 4+ —

Ne
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single-core-hole y =790 v
Auger R

Valence
photoelectrons

double-core-hole
Auger
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single-core hole 6 =90°

I~ Valence 2p -
photoelectron

double-core-hole
| Auger

250 300 350 400
Electron Time-of-Flight (ns)

b

“Slow” 1s photoelectrons along x-ray
polarization axis

“Fast” valence photoelectrons and
Augers along polarization axis

Clean hollow atom signature
double-core-hole Auger
0 =90°
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Hollow atom production: deliberate, huge and an a
an indicator of x-ray pulse duration

T T T T
400 single-core hole; 6 =90°

Hollow atom yield
@ LCLS ~10%
@ synchrotron ~0.3%
due to electron correlation

300} valence 2p
photoelectron

200
double-core-hole

100 Auger
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Absorption vs scattering: normal and hollow atoms

A | 1 1 T | T

: carbon
i 0.8-8keV
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Summary of ultra-intense x-ray interaction
phenomena

= Target changes during a 100 fs x-ray pulse at fluences similar to that for
single molecule imaging

- six-photon, ten-electron stripping of neon ( ~10'%/um?)
- multiphoton absorption probability high when fluence > 1/o
" |ntensity-induced x-ray transparency — a general phenomena
- transient x-ray transparency caused by formation of hollow atoms
- hollow atoms o,_,,,/0,, is increased — advantageous for imaging

= Straightforward rate equation calculations capture essential physics

= Femtosecond time-scale atomic processes provide FEL diagnostics

22



LCLS Experiment 5

Resonant x-ray processes at high intensity

A\_\__

23
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Can we control inner-shell electron dynamics?

“Rabi flopping” may inhibit Auger decay & x-ray damage.

1.5 , : 1 e

3p Y Y- ﬂ
2p S00080
23 —&—8— 15%3[)
tr 1s"'np series “
| iR B
3 4 567 ]

Ne*ls™ |

0.5 -

P2

- ERAT AT |
864 865 866 867 868 869 870 871
Photon energy (eV)

Yield (arbitrary units)

—o o —oe—
- Strong 1s—3p resonance
—O0-— —0-— HUne 1s-3p =0.01 ea,
Tne 151 = 2.4 s = 100 a.u.
unlikely somewhat very - Rabi flopping possible
likely likely Eye~ 6.3 a.u.

Ine ~ 1.4 x1078 W/em?
But LCLS linewidth ~ 8 eV!
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Rabi-flopping on 1s - 2p resonance more probable

2p 4—&—0—0—0—*
. —
2s ee 2s oo

(a) (b) (c)

E.. =848.6eV

x-ray
Ots-2p = 50002p_oo =5 O4s-3p

Observe Auger yield when x-rays scanned over 1s - 2p resonance.
Observe broadening at resonance to indicate Rabi flopping
Theory: Rohringer & Santra PRA (2008).
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Calculated “Resonant Auger effect at high x-ray intensity”

0.8_ — T T T T T LA I B
0.6 single shot ]
g 04 .
g i ]
3 02 N
8.‘ .
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0.1} -
ol— -1 N

2 15 -1 05 0 05 1 15 2
energy [eV]

-> Look for Auger line broadening on resonance

N. Rohringer & R. Santra, PRA 77, 053404 (2008)
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Shot-to-shot photon energy jitter

derived from GeV electron bunch energy measurement

ExrayeV | |___ExrayeV |
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Auger-electrons observed at the 1s -> 2p resonance of Ne*

using eTOF1 perpendicular to photon

polarization to suppress 2s photoelectrons
(40 pC/bunch)
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Determination of intrinsic x-ray bandwidth from
electron spectra

Eririos 33675
%0 - eToF4 RMS 1431
- 1000 €10 '
sof- eToF4 E
70;— 800_— ZS
60— i
502— 600— 2
a0 C P
" -
207 B
- 200
105 -
080 790 800 810 = 820 830 “gar - “Bs0 R T T TR
eV eV
Electron kinetic energy (eV) Electron binding energy (eV)
40 pC (<10 fs) 850 eV 0.3 mJ 4500 A 4.3 4.5 4.4 0.5%
250 pC (100 fs) 787 eV 1.5 mJ 2500 A 7.1 7.8 7.45 0.9%

250 pC (100 fs) 769 eV 1.5 mJ 2500 A 7.7 7.8 71.77 1%



Is the D Auger line broadened on resonance?

Preliminary Result: Yes!

Auger Yield (arbitrary)

250 | | | | I I I I | I |
| Voigt Fits: [=0.27 eV, — 940V 'D Auger i
I Gaussian FWHM ¢ 2p2-eVslice 'D Auger _
200 —
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H (940 eV): 0.67 eV .
150 On resonance } N
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100 — —
50 - —
E | | ]
03 0 1 2 3

Relative Energy (eV)

30



Are multiple core holes within a single
molecule useful?

LCLS experiment X
5-10 Aug 2010

S. Southworth et al.
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X-ray two photon photoelectron spectroscopy
a probe of molecular electronic structure

meta- ortho-

early work by Cederbaum and coworkers: C,H, and Benzene
para- ? i
structural isomers of aminophenol

OH OH OH
NFa 5 -7 fs core-hole
lifetimeson C, N, O
NH 5
NH,

R. Santra, N. V. Kryzhevoi, and L. S. Cederbaum, PRL 103, 013002 (2009)
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Inner-shell single- and double-ionization potentials
of p-aminophenol

0.8 ................................................
06 1€
04 -
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(b) c/C;  CON c/o  NO

N/N O/0 |

Pole Strength
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300 400 500 600 700 800 900 1000 1100 1200
Energy (eV)

R. Santra, N. V. Kryzhevoi, and L. S. Cederbaum, PRL 103, 013002 (2009)
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Time evolution of single and double hole states in
p-aminophenol

| ! | 1 | | |
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R. Santra, N. V. Kryzhevoi, and L. S. Cederbaum, PRL 103, 013002 (2009)
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Calc’d x-ray photoelectron spectrum p-aminophenol
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Distinct PE Groups: O: 340-460 eV, N: 480-600 eV, C: 620-710 eV

35



Summary

= |nsight into ultraintense x-ray interations
- six-photon, ten-electron stripping of neon ( ~10'?/um?)
- multiple photon absorption probability high when fluence > 1/o
" Intensity-induced x-ray transparency — a general phenomena
- transient x-ray transparency caused by formation of hollow atoms
- hollow atoms o, _,./0,, is increased
= Femtosecond time-scale atomic processes provide FEL diagnostics

= Straightforward rate equation calculations capture essential physics

= Looking forward to extension toward more complex, yet tractable, systems
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