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“how do tWO or more excited electrons move and interact
in atoms and molecules?”

spatial scale ) The
R ~ sub/few A | fg\ljvagétér;
temporal scale problem”

=

T ~ sub/few fs

In strong fields

Sclentific goal:
measure / understand / control
the quantum dynamics of
few-body systems

Laser control of
chemical reactions

(x-ray) movies of
single molecules

Petahertz-clocked X-ray precision
computing spectroscopy



Motion of electrons in molecules

Remacle, Levine Linnemann, Kuleff, Cederbaum
PNAS 103, 6793 (2006) CPL 450, 232 (2008)



Imaging of electron dynamics

here:
single
electrons

Dixit, Vendrell, Santra PNAS 109, 11636 (2012)
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molecule images from molview.org

guantum dynamics in intense laser fields
... In molecules

: /
electron dynamics N\ \‘ -
e.g. charge rearrangement \b j/ -
Y
I asecC ‘ ‘ internuclear dynamics

e.g. dissociation
+ charge rearrangement




But what is a molecule, really...

Separation: Electronic, Vibrational, Rotational
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But what is a molecule, really...

Separation: Electronic, Vibrational, Rotational

\PtotaI:\Vel,n(Dvib,m(I)rot,l

Energy for more than two atoms...
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But what is a molecule, really...
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But what is a molecule, really...

Separation: Electronic, Vibrational, Rotational

Frota=Wei,nPuib,mProt, ... just a set of levels ...
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But what is a molecule, really...

Separation: Electronic, Vibrational, Rotational
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But what is a molecule, really...

Separation: Electronic, Vibrational, Rotational

Yiota™Wet,nPuib,mProt, ... just a set of levels ...

Energy ... many levels
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traditional (linear) spectroscopy
limitations
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From pump-probe ...
to "two-dimensional” spectroscopy
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Interactions of molecules with light

global excitation local excitation

energy

necific

site

typical AE for core transitions:
ten(s) of eV w0 few keV

XUV to X-ray

position”



The tools: Provided by two parallel revolutions
in ultrashort x-ray/ ' laser science

Free E lectron Lasers

g q SACLA
specrtﬂ@a@ons demonstrated thus far
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Our Experimental Approach

Free Electron asers+ ) J\H igh H armonicG eneration

/ atom\ Iecule \

"listening" <57 "imaging"

Multidim. optical spectroscopy Reaction microscope/COLTRIMS

extract

time&energy-resolved complete coincidence
\ detection of photons information detection of electrons/ions /




Our Experimental Approach

Free Electron asers+ ) J\H igh H armonicG eneration
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Reaction mi_roscope/COLTRII\/IS

"imaging"

extract

time&energy-resolved complete coincidence
\ detection of photons information detection of electrons/ions /




Light sources Target Detectors
(Controllables) System (Observables)

frequency

WENE

photon spectra |
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time-dependent XUV absorption spectroscopy

HHG-based applications, active groups:

Exp.: Leone, Neumark, Keller, Gallmann, Chang, Krausz, Schultze, Sansone, Kim, Sandhu, Mauritsson,
Vrakking, Worner, Biegert ...
Theory: Schafer, Gaarde, Santra, Martin, Argenti, Rost, Madsen, Rohringer, Greene, Keitel, Stockman, ...

\/“

energy




Time-resolved inner-shell dynamics in Neon

1
HHG’”attosecond 0.7
+ 2 NIR pulses
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45 47 49 | 51 53
Photo-Excitation Energy (eV)

note: HHG (coherent) spectral bandwidth: 10 eV



2D-spectroscopy of inner-valence excitations

in Neon cooperation with H. van der Hart, A. Brown (Theory, QUB)

3s3p 2s7'3p 2s74p 3s3p 2s73p 2s'4p

o
=
=
)

[25) <2s]
[3p> <2s]

[3s> <2s]
Bd> <2l

13p> <2
[2s> <2s]

Fourier Energy (eV) ﬁ Time Delay (fs) :

IOIHI
p— -,

2s'3s 2s13d 2s13s 2s13d

Photo-Excitation Energy (eV) T. Ding et al. Opt. Lett. (2016)



Fourier Energy (eV) ﬁ Time Delay (fs)

XUV 2D spectroscopy@FELs
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Site-selective 2D-Spectroscopy with (soft) x-rays

LCLS Strategic Facility Development Plan, 2018

2 SCIENTIFIC DRIVERS

2.1 Example Scientific Drivers for LCLS-II

LCLS-II will be a transformative tool for energy science, qualitatively changing the way that
X-ray imaging, scattering and spectroscopy can be used to study how natural and artificial
systems function. It will enable new ways to capture rare chemical events, characterize
fluctuating heterogeneous complexes, and reveal quantum phenomena in matter, using
nonlinear, multidimensional and coherent X-ray techniques that are possible only with X-ray
lasers. This facility will provide access to the “tender X-ray” regime (2 to 5 keV) that is largely
inaccessible today, and will use seeding technologies to provide fully coherent X-rays in a
uniformly spaced series of pulses with programmable repetition rate and rapidly tunable
photon energies.

part of LCLS Strategic Facility Development Plan (2018)



XUV-Pump XUV-Probe Absorption Spectroscopy

Spatial
coordinate

Cooperation with:

S. Roling, H. Zacharias (Univ. Miinster)
S. Diisterer, R. Treusch (DESY)

Z.-H. Loh (NTU Singpore)

A. R. Attar (UC Berkeley)

T. Gaumnitz (ETH Zirich)

XUV CCD

~==variable line-space grating
(flat-field spectrometer)



,ﬁ‘ X-MuSiC Beamline Design & Setup
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Experimental Setup

200 um machine drilled holes; interaction length: ~3 mm
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Time-resolved transmission changes through neon

for Pump vice versa

1-2 eV bandwidth ~62.6 eV -

In-situ time-resolved probing of
sequential ionization
... &S opposed to after the pulse (ion signal)
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Time-resolved transmission changes through neon

€)

for Pump vice versa A 2p? Ne3* + 3e- M
~126 eV NN
o ¢ o
, >V oV
1 R P9
= SR
%f&; 3C|3D3’=3 AR
1=2
C f_U J=1 h )
LLl 3 =I| I 1-meV-scale
25 o level spacing
g = ::I :I | (not resolvable)
o |
2 @ wo|
< i_ i n |
3p_0 i n ¥ 2p* Ne?* + 2e-
pP— || -
~62.6 eV - Y
Y/ <100-meV-scale
~50.6 eV: @_ o level spacing
A
-
1 op 2ps Net + le-
~21.6eV | 2
In-situ time-resolved probing of
sequential ionization
. . 1
... as opposed to after the pulse (ion signal) KN Ground state 2p° ('S,) Ne




Time-resolved spectroscopy of Ne?* transitions
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Coherence effects around t =0

Optical density (absorbance)

Resolve and identify <100-meV-spaced

transitions (3P — 3D spin-orbit multiplet)
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Coherence effects around t =0

Optical density (absorbance)

zooming on “spectral dip”

Local enhancement due to
interfering SASE spikes
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* Most prominent in vicinity of resonances (reduced absorbance)
* Time scale: ca. 2-3 fs width (for 0.8 eV FEL bandwidth @ 50.6 eV)



Interferomedtric Information
from Experiment(!) | usetor

from simulation




Coherence effects around t =0

zooming on “spectral dip”

Few-level simulation of
3P — 3D spin-orbit multiplet

* non-perturbative
 stochastic pulses




Coherence effects around t =0

zooming on “spectral dip”

choh x 1/ATcoh

— slight overestimation of
coherence bandwidth
in simulation

Lineout experiment: Az, =(2.4+0.3) fs

Lineout simulation: At =(1.2+0.1)fs
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Intensity-dependent shifts of resonances

increasing FEL intensity

>65 pJd/pulse
Pulse energy Pulse energy Pulse energy
| GMD: 35-45 uJ GMD: 45-55 puJ GMD: =55 uJ
0.8 i BN S 1] 154,y 00 . 1544y 15,7 & T
1.6 ] (e) |
4 i
1.24 - _3.- -
.. How about controlling |
1.6 t) 1_‘ -
two electrons” o _-
1-2 5 _9.. _
e B 49.25  49.50 49.25 49.50 49.25  49.50
Photon energy (eV) Photon energy (eV) Photon energy (eV) Photon energy (eV)
® 3P, - °D_,, 3d, Probe-first @ pump spectrum
® °P, -°3D,, 3d, Probe-first @ pump spectrum
e ® 3P, - 3D, 3d, Probe-first @ pump spectrum
Observe intensity-dependent ' ' ' ' ' '
. $49.40{ o9 —— 9 °
resonance shifts (Stark effect) g
£49.35
Q
= o 5 —— @ * — —8— o
XUV-induced strong coupling of g 49:301 .
0 q q - S o *— o 00~ me
3P — 3D spin-orbit multiplet in Ne?* £49:25 e i
49.204+—, : : : :
<25  25-35 35-45 45-55  >55
Pulse energy (uJ)




doubly-excited helium, in a strong field

a prototype system
for electron correlation
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Single-shot FEL spectra
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high FEL

intensity

low FEL
intensity

Averaged FEL spectra

with helium target
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effects in Helium@FLASH

XUV-intensity-dependent
phase shift

intense
XUV

1s?
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FEL Pulse energy [uJ]



What is happening inside the Helium atom?




What Is happening |nS|de the Hellum atom?
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Strongly driven double excitation?

2s52p
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XUV
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Two-level system
interacting with
typical noisy
SASE FEL
pulses, avg. over
~100 shots



The dipole control model (DCM)

Im d(®)

Re d(t)




Reconstruction of complex dipole response functions

of strong-field driven states
Analytical result: Blattermann et al. J. Phys. B: At. Mol. Opt. Phys. 47 124008 (2014)

I — @371 —A(1))
1w, —w)—1/2

d. (w,T) x —i
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A

V. Stoold et al. PRL 2018



Time-domain reconstruction principle:
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Here, a complex 50-level system strongly coupled to an intense laser field
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arX1v:1802.04421v1 [physics.chem-ph] 13 Feb 2018

X-Ray sum frequency generation; direct imaging of ultrafast

electron dynamics

Jérémy R. Rouxel.* Markus Kowalewski, Kochise Bennett, and Shaul Mukamel

Department of Chemistry and Department of Physics and Astronomy,

University of California,Irvine, CA 92697, USA

(Dated: February 14, 2018)
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Imaging of laser-controlled molecules
T

C60

only 5 o) at LCLS, 2 keV
y) a \ ‘_\\‘

~50 scattered ph/pulse ',if )

benefits from v 45 vos
! '\.7“7'

high repetition rates

- femtosecond time-resolved x-ray imaging
at 10! / cm3 gas-phase (~“molecular jet) densities
is possible (for ensemble measurements)
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would benefit from
high repetition rates

- femtosecond time-resolve.ld X-ray imaging
at 10! / cm3 gas-phase (~“molecular jet) densities
is possible (for ensemble measurements)

- in C,: observation of different dynamical regimes
depending on (optical) laser intensity

low ., high
intensity intensity
1042 102,
cm




Conclusion: A wish list...

Observing and steering electron motion
in atoms and molecules with

— Attosecond pulsed , Why:

 electrons are fast, and they are everywhere (localize)

need to compete with ionization: nonlinear processes win for short pulses
— High for

pump-probe

2D spectroscopy
* guantum control

— Controllable properties
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Technical Concepts Scope for SASE4/5

March 5, 2019

Scope of proposed concepts from the workshop “Shaping the future of the
the European

European XFEL: options for the SASE4/5 tunnels” held at
XFEL, Schenefeld, December 6-7, 2018
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from Technical Concepts Scope SASE4/5

4. Soft X-ray FEL line with extended user capabilities

- Extended tunability range at a fixed electron energy (up to factor of 8 for upper
boundary of the operating wavelength range with respect to SASE3).

- Extension of wavelength range towards lower photon energies.

- Extension of user capabilities with pump-probe experiments using independent
FEL colors in the whole range.

- Full polarization control.

- Capabilities to generate ultimate radiation pulse energies in a Joule range.

Advanced option of radiation generation like Self-Seeding, Harmonic Lasing Self-
Seeding (HLSS), maybe HGHG or EEHG (at longer wavelengths) can be implemented
as well. These options allow for a significant increase of the coherence time.

7. Superradiance for X-ray Production

Use chicanes, integrated in the undulator structure in combination with a manipulation
of the electron beam, to generate high power, very short pulses comparable to the
coherence time. The peak power that can be achieved this way is an order of
magnitude higher than normal. Simulations for the PSI case show sub-femtosecond
pulses with TW of power can be achieved in the nanometer range, but the method is in
principle scalable to the European XFEL case and relative photon energies.



Advanced undulator design also @SwissFEL

38th International Free Electron Laser Conference FEL2017, Santa Fe, NM, USA JACoW Publishing
ISBN: 978-3-95450-179-3 doi:10.18429/JACoW-FEL2017-MOP0O38
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Figure 2: Layout of the Athos FEL line with the main electron beam components going from z ~270m to z~500m (elec-
tron source photocathode 1s at z~0m). Athos 1s parallel to the linac 3 of SwissFEL.



