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Application of Attosecond Pulses to
Molecular Science

Question: why should we care?

/%)

1. Any light-induced photo-chemical process starts with an electronic
interaction; atomic motion sets in because of coupling of electronic and
nuclear degrees of freedom

. Many light-induced interactions involve multiple electrons — when is
coupling of electronic degrees of freedom important?

A\

3. By studying molecular dynamics on attosecond to few-femtosecond
timescales we may uncover new pathways towards control at the molecular
level




Attosecond molecular electron dynamics
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After selectively ionizing a chromophore on the C-terminal end of the peptide ionic
fragmentation patterns resulting from additional UV absorption were dominated by ionic

species related to the N-terminal end of the peptide

Interpreted in terms of efficient charge migration (i.e purely electronic motion, not involving
the nuclei) from the N-terminal end of the peptide to the chromophore

Weinkauf et al., J. Phys. Chem. 99, 11255 (1995)



Attosecond molecular electron dynamics

Charge migration upon sudden ionization (Glycine Il):

electron density

hole density

Coherent preparation of ionic states Kuleff & Cederbaum, Chem Phys 338, 320 (2007)
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Questions | will try to address today

1. Can charge migration only be induced by attosecond pulses or are there
other ways?

R T R v WY

2. Can we use attosecond pulses to probe time-dependent electron dynamics in
molecules?

O \wWwr wv@v£ @@
. Under which conditions does correlation between a molecular ion and the
ejected photoelectron play a role?

\
.

. Time permitting: an alternative look at photoionization time delays
- |




Can we use strong-field ionization to induce
charge migration?

Is the single active electron approximation valid in
strong field ionization?
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Can we use strong-field ionization to induce
charge migration?

Is the single active electron approximation valid in
strong field ionization?

% Look at the formation of fragment A.E. Boguslavskiy et al., Science 335, 1336 (2012)
ions — hints at excited state
formation, but mechanism can also
be sequential

** Look at the formation of shifted ATI
combs — hints at excited state
formation, but may also reflect
Freeman resonances

L)

L)

» Solution: look at the formation of
fragment ions and shifted ATl combs
in coincidence or using covariance

L)



Covariance detection of ATI spectra and
parent/fragment ion yields

Parent
Fragment
lon time of flight Electron time of flight
lon time of flight Electron time of flight

lon time of flight Electron time of flight



The breakdown of the single active electron
approximation in strong field laser ionization
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Direct evidence for the direct population of excited ionic states in strong-field
ionization — multi-electron dynamics on attosecond timescale

A.E. Boguslavskiy et al., Science 335, 1336 (2012)



Attosecond molecular electron dynamics

Charge migration upon sudden ionization (Glycine ll):

electron density

hole density

Possible observation
In IR pump-XUV
probe experiment

Coherent preparation of ionic states Kuleff & Cederbaum, Chem Phys 338, 320 (2007)



Potential energy (a.u.)

-1.2

XUV-IR Pump-probe experiments on H,
and D,

0.4

0.2

Excitation with

Isolated Attosecond
Pulse, generated in
Krypton

T v T ' T ' T T 1
1 2 3 4 5 6

Internuclear distance (a.u.)

Use isolated attosecond pulse
generated in Krypton to launch
a wavepacket on the 2pc,*
state or the 1sc,* state and
investigate the subsequent IR
interaction




Electron localization in XUV-IR dissociative

Energy (eV)

ionization of H, and D,

Atxuv-leO Asymmetry parameter
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Sansone et al., Nature 465, 763 (2010)



Localized States of H,*

The 2pc,* and 1sc," states can be viewed as bonding and anti-bonding
combinations of 1s atomic orbitals

(‘1556 ]‘f> + |15rzﬂn‘>)

(\18349 11S,ignt))

Sl- 5~

Therefore, the nuclear wave function can also be expressed on a basis
of localized states

0 :% (Ig) + )
) :% (Ig) — )

By projecting onto these states the fraction of the wave function that is
on the left or right side of the molecule can be determined



Energy (eV)

Coupling of electronic and
nuclear degrees of freedom
on attosecond to few-
femtosecond timescales




Energy (eV)

—
2"d Mechanism

Manifestation of multi-
electron correlation and
entanglement

2+
X (2po )




Can we use attosecond pulses for

probing of ultrafast electron dynamics?

momentum (arb. units)
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IR-XUV Pump-probe experiments H,/D,

APT only

_ Bond Softening
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Kinetic Energy (eV)

10

Theory and experiment agree well

experiment
1
I0.8
10.6
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0.2
4 (5 =22 0 2

yield delay (fs)

Kinetic Energy (eV)

theory
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81
2.5
6 12
41
2

4 2 0 -2
prob (x10%) delay (fs)

- What is the role of electron dynamics in the experiment?

Kelkensberg et al., Phys. Rev. Lett. 107, 043002 (2011)



Simple Fixed Nuclei Approximation model
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—> attosecond ionization is sensitive to
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- No role of attosecond electron dynamics in the neutral molecule
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IR-XUV Pump-probe experiments N,

Tentative explanation: Two mechanisms causing the XUV-IR time
dependence:

2) Interference beween direct and
delayed production of population on D-
state — made possible by ca. 30 fs long
IR pulse - attosecond control of
femtosecond timescale dynamics

1) RABBITT-like mechanism :
interference of XUV+IR and XUV-IR
lonization in the production of specific
final vibrational states of the C-state

Energy [eV]
Energy [eV]

: : : : 18 1 : : 1
1.0 1.5 2.0 25 1.0 1.5 2.0 25

Internuclear distance [A] Internuclear distance [A]




IR-XUV Pump-probe experiments N,

Mechanism 2: the observed interferences are affected both by N,*
vibrational dynamics and by the initial coherence between the C- and D-
state resulting from the ionization by the attosecond pulse

\P(t) > = Z i > |5, (®) > [9,(0) >

z

Electronic state Photoelectron wavepacket

Vibrational wavepacket

Important: The measurement basis is generally different from the initial
molecular basis where the photo-excitation occurs - enables interferences

() > = [n > [x(0) > 16(0) >

Electronic state Photoelectron wavepacket
(often not measured) (often not measured)

Continuum momentum wavepacket




IR-XUV Pump-probe experiments N,

T 2 M t: tum-resolved
W) = [aolinliolie) = N e
42 9 measuring N* electronic state or
- Z () P Oa o |7+ photoelectron properties
i

"Gl (ki) x (G Oh) (lva®) x (o5 (0le(yy  nterference

i#] / \ term

Overlap of accompanying

Vibrational propagation 0 lactron wavepackets

Mechanism 2: the observed interferences are affected both by N,*
vibrational dynamics and by the initial coherence between the C- and D-
state resulting from the ionization by the attosecond pulse

Mediskauskas et al. (submitted)



Energy, eV

IR-XUV Pump-probe experiments N,

26.

24,

22,1

20.

1.5 2.

Internuclear distnace, angs.

2.5

Calculation: consider 2-color

dissociative ionization of N, by
an attosecond pulse and a co-
propagating IR pulse

Pathway 1: direct two-color
population of D-state (B-state
acts as intermediate)

Pathway 2: XUV-induced
population of C-state followed by
de-excitation to D-state by IR
probe

Mediskauskas et al. (submitted)
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Can we use attosecond pulses for
probing of ultrafast electron dynamics?

Can we use attosecond pulse to measure the polarization
that is induced in a molecule by an IR field?
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Calculate induced dipole in N, under the influence Calculate the impact of this induced dipole on the

of a moderately strong IR field (F. Lépine) time dependence of XUV ionization (F. Lépine)
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Use of attosecond pulses in pump-
probe spectroscopy

Charge migration upon sudden ionization (Glycine ll):

electron density

hole density

Kuleff & Cederbaum, Chem Phys 338, 320 (2007)
Remacle & Levine, PNAS 103 6793 (2006)



Experiments on Polycyclic Aromatic
Hydrocarbons (with Franck Lépine)
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Normalized signal

Experiments on Polycyclic Aromatic
Hydrocarbons (with Franck Lépine)
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Dessert

An alternative view on
photoionization time delays



lonization of metastable Xe atoms with a small
excess kinetic energy, using a tunable ns laser
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-------------------------- et lonisation limit (above the saddle-
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Velocity Map Imaging (VMI) Spectrometry

Abel inversion
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Slow photoelectron imaging

2-photon ionization of Xe*(6s[3/2],) in a field of 170 V/cm

650.5 nm. 650.52 nm 650.64 nm
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Switching of intensity
from outer to inner ring!!

651.12 nm 651.20 nm 651.24 nm

651.32 nm 651.34 nm 651.40 nm

’ o

651.46 nm 651.48 nm 651.54 nm

Images are not a single
ring!!

Nicole et.al., PRL 85, 4024 (2000)



Classical interpretation of electron dynamics
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Expect multiple interfering pathways

F=4335 \//cm, E=40 cm’”’

0.18 +

0.09 +

0.00

(N = number of maxima in &(t)
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Observation of multi-slit electron interference

1-photon ionization of Xe*(6s[3/2],) in a field of 170 V/cm,
Increasing photon energy

Nicole et.al., PRL 88, 133001 (2002)



Observation of multi-slit electron interference
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Nicole et.al., PRL 88, 133001 (2002)



However, this results was also very disappointing...

Reduced energy
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Interference patterns in Xe are only governed by photoelectron
energy and not at all by nature of Stark state.....



Solution: perform the experiment for H atoms!

The Stark Hamiltonian is separable in parabolic coordinates:

V(& n ) = Qmné) 12 xi()xa(m)e™ m= e
E=r+z

This separation in parabolic coordinates is independent of the applied electric field
—> persists from the interaction region (F = 500 V/cm) to the two-dimensional
detector (F = 0 V/cm)
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Hydrogen Atoms under Magnification: Direct Observation of the Nodal Structure of Stark States
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Interference between direct and indirect
trajectories encode photoionization time
delays
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Position perpendicular to the DC electric field axis (um)
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At each energy there
are two dominent direct
and two dominent
Indirect trajectories

Beating between the
Interference patterns
,measures‘ the time
delay between the 1*
and the 1 trajectory



Position perpendicular to the DC electric field (um)
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Assignment of fringes

Linear relation between
fringe index and time
delay



