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Exploiting coherence properties of laser light together with quantum mechanical

matter interferences in order to steer a chemical reaction into a pre-defined target

channel is the basis of coherent control. The increasing availability of laser

sources operating on the time scale of molecular dynamics, i.e. the femtosecond

regime, and the increasing capabilities of shaping light in terms of amplitude,

phase and polarization also on the time scale of molecular dynamics brought the

temporal aspect of this field to the fore. Since the last Faraday Discussion

(Faraday Discussion 113, Stereochemistry and control in molecular reaction

dynamics) devoted to this topic more than a decade ago a tremendous cross-

fertilization to neighbouring ‘‘quantum technology disciplines’’ in terms of

experimental techniques and theoretical developments has occurred. Examples

are NMR, quantum information, ultracold molecules, nonlinear spectroscopy

and microscopy and extreme nonlinear optics including attosecond-science. As

pointed out by the organizers, this meeting brings us back to chemistry and aims

to assess recent progress in our general understanding of coherence and control in

chemistry and to define new avenues for the future. To that end we will in the

Introductory lecture first shortly review some aspects of coherent control. This

will not be fully comprehensive and is mainly meant to give some background to

current experimental efforts of our research group in controlling (coherent)

electronic excitations with tailored light fields. Examples and perspectives for the

latter will be given.
1 Introduction

Coherent control is a fascinating facet of femtochemistry.1,2 Traditionally femto-
chemistry deals with laser-based real-time observations of molecular dynamics by
making use of light pulses that are short in comparison to the molecular time scale.
Coherent control goes beyond this ansatz. Here one seeks to actively exert micro-
scopic control over molecular dynamics at the quantum level on intrinsic time scales.
The goal is to steer any type of light-induced molecular processes from an initial
state to a pre-defined target state with high selectivity and with high efficiency. Prog-
ress in this fast expanding research field is documented in recent textbooks,3–5 review
articles6–22 and special issues.23–27

Suitable tools to achieve this goal are shaped femtosecond optical laser pulses in
amplitude, phase and polarization (see Fig. 1 (a)), where different shaping
techniques are reviewed in the literature.11,28–31 Precision pulse shaping down to
the zeptosecond regime has been reported recently, opening the perspective of
controlling electron dynamics with unprecedented precision (see Fig. 1 (b)).32
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Fig. 1 (a) Example of an optimal laser pulse—shaped in amplitude, phase and polarization—
employed to maximize the K2

+ ion yield from Resonance Enhanced Multi Photon Ionization
(REMPI) of potassium dimers K2 exploiting the vectorial properties of light–matter interaction
in a feedback learning loop (adapted from ref. 48). In the three-dimensional representation the
electric field amplitudes are indicated by the sizes of the corresponding ellipses and the instan-
taneous frequencies are indicated by colors. The black shadows represent the amplitude enve-
lopes of the two orthogonal polarization components. (b) Example of zeptosecond precision
pulse shaping. Measured interference signal of two time delayed pulses created by a high preci-
sion pulse shaper. Inset (1) shows the interferogram with a step size of 100 as, whereas inset (2)
shows a zoom into the interferogram with a step size of 10 as. The main figure shows a measure-
ment within the time delay interval from �2.031 fs to �2.0199 fs measured with a step size of
100 zs. The obtained time resolution (2 s) is 300 zeptoseconds (1 zs ¼ 1 zeptosecond ¼ 10�3

attosecond ¼ 10�6 femtosecond, figure adapted from ref. 32).
Optimized light fields can be found for example by employing adaptive feedback
learning loops33–39 or by fine tuning the parameters of physically motivated pulse
shapes,40–44 where experimentally determined quantum control landscapes45,46 can
help identifying underlying physical mechanisms especially in the strong-field
regime. Shifting the focus to spectroscopy, the understanding of different dynamical
mechanisms can lead to sets of physically motivated pulse shapes, where the param-
eters of these pulse shapes can be adapted to the molecules under study either
systematically or evolutionary. This spectroscopy ansatz would go beyond the
typical pulse sequence spectroscopy with Fourier limited pulses and it was suggested
to name this approach quantum control spectroscopy.18,47

In contrast to weak-field (perturbative) quantum control schemes where the popu-
lation of the initial state is approximately constant during the interaction with the
external light field, the strong-field (non perturbative) regime is characterized by effi-
cient population transfer. Adiabatic strong-field techniques such as rapid adiabatic
passage (RAP) or stimulated Raman adiabatic passage49,50 are employed for instance
with laser pulses in the picosecond11,51–53 to nanosecond domain allowing for popula-
tion transfer with unit efficiency in quantum state systems. Only recently were these
techniques transferred to the femtosecond regime. For example, selectivity based on
(dynamic Stark shifted) RAP combined with high efficiency was demonstrated in
anatomic ladder systemwith thehelp of chirped laser pulses,54andpiecewise adiabatic
passage was demonstrated in an atomic two level system with chirped pulse
sequences.55 Furthermore, it was shown that the effects of the dynamic Stark shift
reducing the excitation efficiency can be compensated with temporally structured
pulses.56 Switching the electronic population to different final states with high effi-
ciency via selective population of dressed states (SPODS) is a further fundamental
resonant strong-field effect as the only requirement is the use of intense ultrashort
pulses exhibiting time varying phases such as phase jumps57–60 or chirps.43,61

The modification of the electronic potentials due to the interaction with the elec-
tric field of the laser pulse has another important aspect pertaining to molecules, as
the nuclear motion can be significantly altered in light induced potentials. An exper-
imental review devoted to the topic of small molecules in intense laser fields focusing
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mainly on H2 excitation and fragmentation dynamics is given in ref. 62. Experi-
mental examples for modifying the course of reactions of neutral molecules after
an initial excitation via altering the potential surfaces can be found in ref. 63 and
64 where the amount of initial excitation on the molecular potential can be set via
Rabi type oscillations.65 Nonresont interaction with an excited vibrational wave-
packet can in addition change the population of the vibrational states.66

Although a high degree of excitation can be achieved via Rabi oscillations, this
approach is not attractive for efficient coherent control schemes as the resonant
Rabi oscillation period is proportional to the scalar product of the electric dipole
moment times the electric field of the laser pulse. As a consequence, different excita-
tion levels are achieved due to the intensity distribution within the focal area of
a typical Gaussian laser beam and due to different orientations of the molecules
in a typical isotropic sample. This is why the above mentioned adiabatic strong-field
approaches are especially important as they are robust against these effects.
Conceptually most of the mechanisms underlying coherent control have been

demonstrated in the gas phase, where the latest highlight is quantum control of
bond formation in a catalytic surface reaction.67 However, as relevant chemistry,
biology and medicine is typically taking place in the liquid phase, laser control of
dissolved molecules is most promising for applications. The field is reviewed in
ref. 16 where direct control of ground state vibrational excitation,68 control of energy
flow in large light harvesting molecules,69 control of isomerization processes70,71 and
optical discrimination of molecules with nearly identical absorption profiles72–74 are
prominent examples. Examples of robust and efficient electronic excitation of mole-
cules especially in the liquid phase are rare (see ref. 75 and 76 for theoretical discus-
sions related to earlier experiments36,77).
In this Introductory lecture we focus on (coherent) electronic excitation with

shaped laser pulses. We first discuss our experiments devoted to create designer elec-
tron wave packets in the continuum by making use of the electronic structure of
atoms together with polarization shaped laser pulses. We present our tomography
method to reconstruct the three-dimensional electron distributions and hint at
possible applications. We then focus on coherent strong-field excitation. This is
the regime beyond perturbative descriptions of light matter interactions and below
the regime where the ionization probability reaches unity. It is the regime where
Rabi cycling is important and we highlight the importance of controlling resonant
processes in this regime. Two examples are given. We start discussing experiments
in the gas phase, where a first laser pulse creates a charge oscillation with maximum
coherence. In the region of valence electron excitations, these charge oscillations are
on the order of one femtosecond and making use of these coherences for reaction
control requires a second pulse which interacts with this coherence with attosecond
precision. We then turn to experiments in the liquid phase where we discuss strong-
field scenarios for adiabatic population transfer. These are derived from simulations
based on our strong-field experiments making use of physically motivated pulse
parameterizations for adiabatic strong-field interactions. Finally we briefly present
our experiments demonstrating control of ionization processes in dielectrics for
material processing on the nanometre scale. Typical excitation densities are in the
range of 1021 electrons cm�3 and collision times on the order of one femtosecond
prevent coherence introduced from the light field from being exploited. Nevertheless,
we show that shaping temporal asymmetric profiles address multi photon ionization
and electron-electron impact ionization in a different fashion.
2. Tomography of designer electron wave packets

In this chapter the main focus is to make use of the electronic structure of matter
together with polarization shaped laser pulses in order to create designed electron
wave packets in the continuum. The techniques developed, open new routes to
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chemical analytics as well as to the measurement of photoelectron angular distribu-
tions in the molecular frame.
The basis of this approach was the demonstration of interferences of free electron

wave packets generated by a pair of identical, time-delayed, femtosecond laser pulses
which ionized excited atomic potassium.78 In that experiment two different schemes
were investigated: threshold electrons produced by one-photon ionization with
parallel laser polarization and above threshold ionization electrons produced by
a two-photon transition with crossed laser polarization. As the measurement does
not provide knowledge on the ‘‘which way information’’ i.e. whether the system is
ionized by the first laser pulse or the second, double pulse photo ionization is
a Young’s double slit experiment in the time domain and naturally interferences
have to occur. The time evolution of these interferences can be understood in
a Wigner description79 and the interferences can be used for pulse characterization79

also in the attosecond regime.80

Making use of resonance enhanced multi photon ionization (REMPI) with ampli-
tude, phase and polarization shaped laser pulses, the continuum can be structured by
addressing different quantum mechanical states during the REMPI process as for
example: the central wavelength and the spectral width of the laser will in a pertur-
bative regime address different final states due to energy conservation and selection
rules, where the number of possibilities is rapidly increasing with the number of
photons; in addition non-perturbative fields induce Stark shifts that are reflected
in the resonant case in the Autler Towns Splitting81 and can be controlled with
amplitude32,57 and phase shaped59,82 laser pulses; in the non-resonant case dynamic
Stark shifting gives access to contributions from off-resonant states that can be selec-
tively controlled for example with chirped laser pulses54 as well.
Therefore, by tailoring the state of polarization, a high degree of control on the

angular and energy distributions of ultrashort free-electron wave packets is obtained
by interference of multiple excitation and ionization pathways.83 The generated
photoelectron angular distributions (PADs) were recorded with the velocity map
imaging (VMI) technique.84,85 These PADs are so called Abel projections of (in
general) complex-shaped wave packets. If the detector plane contains an axis of
symmetry—as for example linearly polarized light with the polarization vector
parallel to the detector plane or circularly polarized light with the direction of the
propagation of the light parallel to the detector plane—the three-dimensional distri-
bution can be derived via different inversion methods from the two-dimensional
projections.86–89 For polarization shaped laser pulses these approaches do not
work. However, measurements of PADs by rotating the complex polarization-
shaped laser pulse delivers all information required for tomographic techniques to
reconstruct the three-dimensional electron wave packets.90 With the help of this
technique designed complex-shaped three-dimensional electron wave packets are
accessible to direct measurements. Two examples of such designer electron wave
packets are given. In Fig. 2 an adaptively optimized designer electron wave packet
is displayed together with its tomographic reconstruction. Fig. 3 shows a reconstruc-
tion from excitation with a ‘‘v’’ and polarization shaped pulse (see Fig. caption).91

In the recent past PADs have proven to be essential to analyze ionization
dynamics and (neutral) molecular dynamics85,92 because they contain highly differ-
ential information. The tomography approach presented could be used for example
to determine radial phase shifts of partial waves in ionization processes or to give
better understanding in strong-field ionization.93 Combining the tomography
approach with molecular alignment techniques94,95 would give direct access to
molecular frame PADs complementing coincidence techniques96,97 that can give
this information in the case of direct fragmentation processes. Another route to
obtain molecular frame PADs could make use of alignment via excitation by exploit-
ing the vectorial properties of light matter interaction. For such an approach polar-
ization shaped laser pulses are again attractive as demonstrated for optimizing
REMPI processes in the potassium dimer.48 In that experiment—due to the
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Fig. 2 Adaptive optimization of photoelectron angular distribution (PAD) measured by
velocity map imaging (VMI) from resonance enhanced multi photon ionization (REMPI) of
potassium atoms with polarization shaped femtosecond laser pulses employing an evolutionary
algorithm. (a) The target PAD (boxed) is iteratively approximated by optimization of the spec-
tral phase of the laser pulse. Results during the optimization process are shown from left to
right for the individuals no. 1, 130, 260 and the optimized result at no. 597. (b, left): Optimized
polarization shaped femtosecond laser pulse which yields the target PAD in a three-dimen-
sional representation and (b, right) optimized pulse in the frequency domain. The pulse param-
eters are: central wavelength of 790 nm, FWHM pulse duration of 30 fs and peak intensity of
about 3 � 1011 W cm�2. For the optimization, the spectral phase modulation function was
parameterized by piecewise linear functions in order to delay different spectral bands with
respect to each other and, in addition, a relative phase between both polarization components
was applied in order to control the ellipticity of individual spectral bands. (c) Three-dimen-
sional tomographic reconstruction of the designed free electron wave packet which optimally
reproduces the two-dimensional target PAD. Analysis of the pulse shape reveals that the opti-
mized wave packet is created by two time-delayed slightly elliptically polarized sub pulses con-
taining different spectral components (adapted from M. Krug PhD thesis91).
symmetry of the electronic states involved in the REMPI process—the light had to
adapt its polarization state to parallel and perpendicular transitions during the exci-
tation resulting in complex polarization shaped pulses (see Fig. 1 (a)).
Now lets turn to analytics. Given the argument that angular and energy distribu-

tions of ultrashort free-electron wave packets are obtained by interference of multiple
excitation and ionization pathways being sensitive to the electronic structure, the
combination of polarization shaping and velocity map imaging could be a sensitive
analytic tool for molecular recognition in the gas phase where especially chiral recog-
nition is attractive.98 To that end we have started experiments on randomly oriented
enantiomers of camphor and fenchone, and preliminary data were presented in the
Introductory lecture. We ionized the corresponding enantiomers via a 2 + 1 REMPI
process with circular polarized light and observed asymmetries in the forward-back-
ward direction of ejected electrons. These experiments build on the pioneering
synchrotron work on photoelectron circular dichroism by Laurent Nahon and Ivan
Powis with coworkers99 where a striking forward-backward electron ejection asym-
metry was found in one-photon ionization of camphor enantiomers with circular
polarized light. Note that sensitive chiral recognition is a prerequisite for chiral puri-
fication schemes based on coherent control techniques. For the latter see for example
the work by Moshe Shapiro and coworkers and references therein.100

3. Control out of states of maximum electronic coherence

In this section the main focus is on a specific strong-field effect i.e. photon locking
which is one realization of control via selective population of dressed states
This journal is ª The Royal Society of Chemistry 2011 Faraday Discuss., 2011, 153, 9–26 | 13



Fig. 3 Example of a designed electron wave packet in the continuum resulting fromREMPI of
potassium atoms employing combined ‘‘v’’-shaped spectral phase modulation and polarization
shaping.83 (a) Three-dimensional tomographic reconstruction of a designed free electron wave
packet obtained by multiple measurements of PADs with the complex polarization-shaped
laser pulse rotated about the propagation vector using a l/2 plate (see ref. 90 for further details
on the tomography technique). The cuts through the origin in the x-y-plane, the x-z-plane and
the y-z-plane illustrate the rich structure of the wave packet. The f-orbital type structure of the
wave packet is attributed to the linearly polarized pulse in the x direction whereas the ‘‘hat’’
results from the circularly polarized delayed blue detuned pulse. (b) Pulse shape in time and
frequency domain (the central wavelength is 790 nm, the FWHM pulse duration 30 fs and
the peak intensity about 4 � 1012 W cm�2). The ‘‘v’’-shaped spectral phase advances the intense
red spectral band and retards the weaker blue spectral band. Due to the additional phase jump,
the first pulse is linearly polarized along the x-axis whereas the second pulse is circularly polar-
ized (adapted from M. Krug PhD thesis91).
(SPODS). In analogy to vibrational wave packet control an oscillating charge distri-
bution with maximum amplitude i.e. a state of maximum electronic coherence is
created with a first laser pulse and by timing a second laser pulse with sub cycle preci-
sion (down to the zeptosecond regime, see Fig. 1 (a)) switching of population to
different final states in atoms and molecules with high efficiency is demonstrated
(see Fig. 4, Fig. 5 and Fig. 6). SPODS can also be used to measure decoherence
phenomena as suggested in ref. 101 and beautifully exploited on single molecule
spectroscopy.102

Motivation for these investigations stems from the enormous success of closed
loop adaptive control experiments (see introduction) often resulting in complicated
and not uniquely defined pulses. In many cases the first excitation band in such
scenarios is reached after non-resonant absorption of a few photons, requiring
already strong-fields. Taking into account that during a multi-photon process
regions with an increasing density of electronic states are reached, suggests that
strong-field coupling effects are present under such excitation conditions. Since
the resonant control pathways will always dominate the controlled dynamics, reso-
nant control scenarios will be important when looking for mechanisms. Increasing
14 | Faraday Discuss., 2011, 153, 9–26 This journal is ª The Royal Society of Chemistry 2011



Fig. 4 Coherent control by photon locking employing a two pulse sequence displayed in a spa-
tio-temporal picture illustrating population of the upper dressed state (a) and the lower dressed
state (b). A comparison of a reference carrier oscillation C(t) (grey sinusoidal curve with
constant amplitude) in phase with the first weaker pulse of the driving pulse sequence E(t)
(red) highlights the phase shift of the second pulse in the sequence. The first pulse creates a state
of maximum coherence exemplified by the electronic wave packet |j(r, t)|2, i.e. a charge oscil-
lation with maximum amplitude. The asymmetry in the charge distribution gives rise to an
oscillating electric dipole moment m (blue arrow), initially following the driving force with
a phase shift of p/2. By timing the second pulse with sub cycle precision its phase relative to
the induced atomic charge oscillation is controlled in order to realize photon locking. In
scenario (a) the phase of the second pulse in the sequence E1(t) is shifted by +p/2. This carrier
phase jump (introduced by suitable spectral phase modulation) shifts the electric field and the
induced charge oscillation out of phase, i.e. during the second pulse both vectors E and m oscil-
late anti parallel throughout. In this configuration the populations are locked and, hence, the
dipole oscillation remains unaltered. This applies also to scenario (b), in which the carrier phase
jump of �p/2 shifts the electric field in phase with the dipole moment such that subsequently
both vectors oscillate parallel during the second pulse. The anti parallel (parallel) configuration
maximizes (minimizes) the energy W ¼ �m E of the interacting system which is equivalent to
selective population of the upper (lower) dressed state. SPODS via photon locking is an
example of coherent control by tailoring of the phase of the laser field with respect to the ultra-
fast electron dynamics. A detailed discussion of SPODS in the spatio-temporal picture is pre-
sented in ref. 43.
significance for resonant control schemes is also given when ultra broad spectra for
coherent control are employed. These come along with the ability to produce and
shape shorter and shorter pulses.
In general, strong laser fields give rise to an energy splitting of the resonant state

into two (so called dressed) states in the order of ZU, where U describes the Rabi
frequency. The decisive step in switching among different final electronic states is
realized by the manipulation of dressed state energies and dressed state populations.
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Fig. 5 Wave packet simulation on control of population in potassium dimers K2 by SPODS.
(a) Multi-photon excitation scheme for potassium dimers and (b) time evolution of the popu-
lation in the X 1S+

g-state (black), the A 1S+
u-state (red), the 4 1Sg-state (blue), the 2 1Pg-state

(grey) and the 5 1S+
g -state (green). The first part of the pulse creates a superposition state of

the X 1S+
g and the A 1S+

u states. During the second part of the pulse the X 1S+
g and the A 1S+

u

states are locked in a state of maximum coherence. The optical phase controls which of the
dressed states (indicated at R0) energetically separated by ZU is selectively populated. Absorp-
tion of another photon leads to population transfer to one of the (non-resonant) states 4 1S+

g

and 5 1S+
g . Selective population of the upper dressed state with subsequent transition to the 5

1S+
g-state is illustrated. (c) Absolute value of the envelope of the electric field of the pulse

sequence |E(t)| (red) and its temporal phase function (blue dashed). The sequence consists of
two pulses (red dashed) with a FWHM of 14.1 fs and a central wavelength of 830 nm separated
by of 12.1 fs. The second stronger pulse has a peak intensity of approximately 7 � 1011 W cm�2

and exhibits a relative phase jump of approximately p/2. At this delay and phase the upper
dressed state is selectively populated leading to resonant excitation of the 5 1S+

g-state with about
80% efficiency (adapted from ref. 104).
By suitable shaping of the driving laser field, it is possible to populate one of these
two (dressed) states, i.e. to realize selective population of dressed states (SPODS).
Effectively, the population of a single dressed state amounts to a controlled energy
shift of the resonant state into a desired direction. By the variation of the laser inten-
sity the energy splitting can be controlled, and thus a particular target state among
the manifold of final states is addressed. Experimentally strong-field coherences in
the potassium 4p–4s transition were excited with shaped laser pulses and the selec-
tive population of dressed states was monitored during the interaction by a perturba-
tive two-photon ionization process into the continuum with the help of
photoelectron spectroscopy. Dressed state population is reflected in the amplitude
of the corresponding Autler–Towns component, where energy shifts of the order
of several hundred meV have been observed57 highlighting again the importance
for strong-field control of chemical reactions. In a multitude of experiments on
the potassium atom it was found that continuous temporal phase variations43,61 as
well as temporal phase discontinuities43,45,57,58,82,101 lead to SPODS and only so called
‘‘real’’ pulses (pulses with a constant temporal phase except for p-jumps which
merely represent a change of the sign of the envelope) do not exhibit this effect61

because the pulse area theorem applies. In such cases, which are challenging to
realize experimentally, weak-field control schemes can be extended to the strong-
field regime.103

Robustness of SPODS, i.e. insensitivity to reasonable changes in the pulse energy,
was found for chirped pulses43,61 as well as for pulses with step phase modulation59
16 | Faraday Discuss., 2011, 153, 9–26 This journal is ª The Royal Society of Chemistry 2011



Fig. 6 Control of the fragmentation of isopropyl alcohol (C3H8O) using a pulse sequence.
Upper panel: False color representation of TOF—mass spectra from the dissociation of iso-
propyl alcohol. Pulse sequences are created by a sinusoidal spectral phase modulation function
4(u)¼ 0.5 sin[50 fs (u-2.4 fs-1) + f] of a 10 mJ, 30 fs, 785 nm femtosecond laser pulse. The phase
f is varied within 4p. Lower panels: sections through the mass spectra at fz 2 rad (red) and f
z 5.5 rad (black) exhibit a pronounced variation of the molecular ion yield. At the mass ofm¼
45 u (C2H5O

+) a variation in the molecular ion yield by a factor of 3 is observed. The insets
show a magnification of the spectra. The atomic ion yield of 39K+ and 41K+ measured simulta-
neously as a reference shows no variation with the phase (right). The observed phase depen-
dence hints to ultrafast switching of coherent electronic excitation in a molecule by SPODS
(adapted from ref. 109).
and an extension of SPODS to a three-state system was studied recently.60 The
conclusion is that coherent electronic excitation of resonant states with shaped laser
pulses leads in general to SPODS in this atomic model system. Many different pulse
shapes lead to comparable dressed state energy shifts and dressed state population.
If operative in larger systems as well this could explain why in closed loop experi-
ments optimzed pulses often do not exhibit a unique structure.
In order to investigate this aspect, photon locking—being one specific realization

of SPODS—was studied also with respect to molecules. This strong-field quantum
control scheme—based on concepts originally developed in NMR (spin-lock-
ing)105—makes explicit use of temporal phase changes within the pulse and was
demonstrated experimentally using nanosecond laser pulses.106,107 We extend these
techniques to the femtosecond time scale with relevant applications to coherent
control. The main physical picture behind photon locking is as follows: a first reso-
nant interaction creates an oscillating charge distribution with maximum amplitude
and by timing a second interaction with sub cycle precision switching of population
to different final states is achieved (see Fig. 4 and Fig. 5). As the charge oscillations
are in the order of one femtosecond for typical valence excitations control has to be
performed with attosecond precision. Sub 10 as precision in such an electron control
scheme has recently been demonstrated.32 Direct control of valence bond electron
This journal is ª The Royal Society of Chemistry 2011 Faraday Discuss., 2011, 153, 9–26 | 17



dynamics with attosecond pulses seems to be difficult, as the corresponding photon
energy is usually not compatible with valence electron excitation. However, direct
monitoring of valence electron dynamics with attosecond techniques has been
achieved.108

Regarding molecules, wave packet simulations on a generic diatomic molecule58

and on the potassium dimer104 have been performed, implementing a photon locking
pulse sequence. The simulations confirmed the selectivity and tunability of SPODS
in the presence of nuclear motion and ultrafast efficient population transfer to target
states (see Fig. 5). Preliminary experimental data on the potassium dimer were pre-
sented in the Introductory lecture. Indications for control out of coherently excited
electronic states with subcycle precision were presented and data on intensity varia-
tions confirmed that the expected strong-field scenario is operative. No indications
of weak-field control via higher order spectral interferences were observed in accor-
dance with the findings on atoms.57 Further indications that SPODS in general and
photon locking as a specific example are important strong-field mechanisms come
from theoretical considerations: in paper 11 of this meeting (DOI: 10.1039/
c1fd00031d) Philipp von den Hoff, Markus Kowalewski and Regina de Vivie-Riedle
concluded after investigating selective excitation in the potassium dimer with the
help of optical control theory (OCT): ‘‘the SPODS mechanism is an optimal solution
in the OCT search space. From the properties of the OCT algorithm it is known that
high quality control and robust solutions are found even for complex quantum
systems including a large number of control variables. In this sense the SPODS
can be regarded as a robust way to control the selective population of higher lying
electronic states, opening a wide spectrum of applications ranging form reaction
control within molecules up to discrimination between different molecules in
a mixture.’’ When studying the excitation of ground-surface vibrational motion
while minimizing radiation damage Ronnie Kosloff, Audrey Dell Hemmerich and
David Tannor found that photon locking is a key ingredient in that control
scenario.110

For applications to chemistry, a validation of such a coherent control strategy on
larger molecules is helpful. As a first step, we investigated the mass spectra—
measured with a time of flight spectrometer—from dissociation of isopropyl alcohol
using a photon locking sequence.109 The results shown in Fig. 6 show pronounced
variations in the molecular ion yield upon variations of the temporal phase in the
pulse sequence. In these experiments the simultaneously measured ion yield from
potassium atoms showed no significant variations. This result confirms that no spec-
tral/spatial cross-sensitivities are introduced by our pulse shaper. The observations
show that control of the molecular dynamics of isopropyl alcohol is exerted by
the optical phase of the shaped pulse. The phase dependence of the signal is hinting
to a SPODSmechanism, however, systematic studies on the intensity dependence for
a final proof have not been performed so far.

4. Adiabatic population transfer on molecules in solution

In this section we show that physically motivated pulse parameterizations based on
frequency sweeps together with temporal pulse envelope asymmetries help to iden-
tify possible mechanisms for adiabatic population transfer in molecules. Joint
wave packet motion (JOMO) and eigenstate preparation are presented as strong-
field processes complementing frequency ordering followed by pump dump
scenarios111 and picosecond ultrabroadband positive chirp approaches.75

Rapid adiabatic passage is a well known concept in atomic physics where the
complete population from one state is transferred to another state.50 In the simplest
case a detuned laser of sufficient pulse area sweeps through a resonance in order to
achieve complete population transfer. Experimental realisations down to the pico-
second51 and femtosecond54,61 regime have been reported and extensions to artificial
atoms, i.e. quantum dots were demonstrated as well.112
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As already mentioned in the introduction, a high degree of excitation can also be
achieved via Rabi oscillations, however, this approach is not always attractive for
efficient coherent control schemes as the resonant Rabi oscillation period is propor-
tional to the scalar product of the electric dipole moment times the electric field of
the laser pulse. As a consequence, different excitation levels are achieved due to
the intensity distribution within the focal area of a typical Gaussian laser beam
and in case of molecules due to different orientations in a typical isotropic sample.
This is why adiabatic strong-field approaches are especially important as they are
robust against these effects.
Efficient and robust population transfer in molecular systems would have many

exciting experimental applications ranging from life science to fundamental
research. In life science the simultaneous excitation of all fluorophores within
a focused laser pulse could trigger efficient localized photoreactions within a cell,
lead to brighter images in laser-based fluorescence microscopy or even to enhanced
resolution. In fundamental research all kinds of excited electronic state spectroscopy
would benefit.
This is why strong-field excitation of molecules especially in solution has already

attracted interest. A prominent experiment was an experiment by Shank and
coworkers77 studying fluorescence from laser dyes after chirped excitation in the
weak- and strong-field regime. Whereas in the weak-field no changes in the fluores-
cence yield were observed, in the strong-field a fluorescence suppression was
observed for negative chirp. As an explanation a frequency ordered pump–dump
mechanism was offered based on theoretical considerations of Sandy Ruhman
and Ronnie Kosloff.111 Another example is the feedback optimization of fluores-
cence in a laser dye, where an enhancement of fluorescence was also found for posi-
tive chirped pulses by KentWilson and coworkers.36 In the light of these experiments
a theoretical publication by Wilson and coworkers75 was published. In that work it
was found that nearly complete electronic population inversion of molecules can be
achieved with intense positively chirped broadband laser pulses, as a combined result
of vibrational coherence and adiabatic inversion. Strong-field quantum calculations
demonstrated inversion probabilities of up to 99%. In addition the results were
shown to be robust with respect to changes in light field parameters as well as to
thermal and condensed phase conditions. Similar conclusions were drawn by Ronnie
Kosloff and coworkers taking a different approach: they found that a field of suffi-
ciently high chirp rate imposes a certain relative phase between a ground and excited
state wave function of a two-level system that explains the unidirectionality of the
population transfer from the ground to the excited state in atomic and molecular
systems.
These findings motivated our experiments on efficient and robust population

transfer in sensitizer dyes.113 Important natural pulse parameters to study strong-
field effects in order to induce adiabatic population transfer are frequency sweeps
and time varying intensity profiles. This is why we parameterized our excitation
pulses in terms of the instantaneous frequency and temporal envelope asymmetries,
i.e. in technical terms group delay dispersion (GDD) and third order dispersion
(TOD) (see Fig. 7). We investigated two photosensitizer dyes in solution under
the same experimental conditions being prepared in the triplet ground state. Excita-
tion within the triplet system was followed by intersystem crossing and the corre-
sponding singlet fluorescence was monitored as a measure of population transfer
in the triplet system. We recorded control landscapes with respect to the fluorescence
intensity on both dyes by a systematic variation of laser pulse shapes combining
GDD and TOD. In the strong-field regime we found highly structured topologies
with large areas of maximum or minimum population transfer that were insensitive
over a certain range of applied laser intensities thus demonstrating robustness. One
example is displayed in Fig. 7.
We then compared our experimental results to vibrational wave packet simula-

tions for a molecular two-state system, where for generality two parameterized
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Fig. 7 Strong-field control of population transfer in a sensitizer dye in solution. Upper left:
Example of a shaped femtosecond laser pulse obtained by spectral phase modulation using
the phase function 4(u) ¼ f2/2 (u�u0)

2 + f3/6 (u�u0)
3 with a GDD of f2 ¼ 4 kfs2 and

a TOD of f3 ¼ 200 kfs3. The initial unshaped laser pulse (dashed) has a FWHM of 60 fs.
Due to the combined action of GDD and TOD both the shape of the pulse envelope (red
shaded) and the instantaneous laser frequency (blue) are controlled (see ref. 113 for a compre-
hensive discussion of GDD-TOD pulse shapes). Upper right: Measured fluorescence signal
from strong-field excitation (peak intensity of the bandwidth limited pulse of about 60 GW
cm�2) of porphyrazine molecules as a function of GDD and TOD. A highly structured topology
is observed with large areas of maximum and minimum population transfer. Lower panels:
Two examples of control of population transfer in molecule. In the ‘‘RAP by laser chirp’’
scenario the laser frequency ulaser (blue) sweeps over the molecular transition umolec (black)
such that at the crossing of both curves population is adiabatically transferred from the ground
sate (black) into the excited state (red). Note that after the interaction at time T z 400 fs
population is transferred to the upper state with almost unit efficiency and the system is in
a vibrational eigenstate of the upper potential. Alternatively, in the ‘‘RAP by molecular chirp’’
a bandwidth limited pulse with a constant instantaneous frequency ulaser (blue) drives the
molecular dynamics such that the molecular transition frequency umolec (black) sweeps over
the laser frequency due to the wave packet motion inducing almost complete population trans-
fer. In this scenario the wave packet dynamics is characterized by Joint Motion (JOMO) of the
ground- and the excited-state wave packet (see ref. 113 for a detailed discussion of JOMO).
Accordingly, after the interaction at time T z 150 fs, a vibrational wave packet is formed in
the upper potential.
one-dimensional harmonic potentials were considered. Calculated control land-
scapes based on the same pulse parameters were in good accordance with experi-
mental data for both sensitizer dyes, while different detunings of the laser central
frequency to the dye absorption bands are accounted for by appropriate laser detun-
ings in simulations. We identified areas with complete population transfer and
nearly complete population return inside the landscapes, both being robust over
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a wide range of intensity variations. By modelling decoherence in a simple approach,
good agreement of the measured and simulated landscapes implied that coherent
control of population transfer in sensitizer dyes can take place in the liquid phase,
i.e. in the presence of decoherence in accordance with the findings by Kent Wilson
and coworkers.75

The good agreement motivated us to analyze the physical mechanisms controlling
the final state populations further in simulations. We found that atom-like interpre-
tations of adiabatic interactions are possible. Two scenarios are presented in Fig. 7.
In one scenario the wave packet dynamics are characterized by a coupling of the

ground state and excited state wave packets, inducing a joint wave packet motion
(JOMO), leading to a well-defined joint internuclear distance R(t). The time-depen-
dent molecular transition frequency induced by JOMO allows for efficient popula-
tion transfer when a crossing with the instantaneous frequency of the laser occurs
(‘‘RAP by molecular chirp’’). Such a crossing can even be achieved when a band-
width-limited pulse with constant instantaneous laser frequency is used. The dis-
played off-resonant excitation was not in the parameter space of our experiment.
However, coherent population return based on JOMO was within the parameters
of the experiment.113

The second scenario is based on the excitation of a single vibrational eigenstate by
narrowband interaction in the Franck–Condon region during the weak starting part
of the laser pulse. A ‘‘RAP by laser chirp’’ process is now observed when the instan-
taneous frequency of the laser is tuned over the molecular resonance during the more
intense parts of the pulse.
These findings suggest, that GDD-TOD pulses are a suitable parameterization to

study strong-field effects. In the light of possible applications we note, that typical
peak intensities of the bandwidth limited pulses in our experiment are approximated
to I ¼ 60 GW cm�2 (taking into account that dye molecules typically provide oscil-
lator strengths in the range of unity, the pulse area reaches 4 times 2p indicating
strong-field excitation conditions). Note also that the peak field strength is reduced
for shaped pulses (for analytical expressions see ref. 113) and that an applied inten-
sity of 200 GW cm�2 is a value that is commonly used as the damage threshold for
biological samples (see ref. 114 and references therein).

5. Control of ionization processes in dielectrics

In this last section we briefly highlight the extension of experimental control meth-
odologies to ultrafast laser control of incoherent processes with an emphasis on pro-
cessing of dielectrics on the nanometre scale. Here, primary processes induced by
ultrafast laser radiation involve nonlinear electronic excitation where electron elec-
tron collisions at high excitation densities (in the range 1021 e cm�3 for ablation of
dielectrics) destroy any coherence imprinted by the light field. In general, the elec-
tronic excitation is followed by energy transfer to the lattice and phase transitions
that occur on fast (femtosecond, picosecond) but material-dependent time scales.115

Optimal energy coupling with the help of suitably shaped temporal pulse envelopes
thus gives the possibility to guide the material response towards user-designed direc-
tions, offering extended flexibility for quality material processing.22 We perform
prototype studies in the above mentioned spirit on dielectrics, water and metals.
In dielectrics we have observed different thresholds for material processing with
temporally asymmetric pulse shapes that we attributed to control of different ioni-
zation processes i.e. multi-photon ionization and avalanche ionization (see
Fig. 8).116–118 The resulting nanometre scale structures were one order of magnitude
below the diffraction limit. Recently we extended our studies to investigate the
dynamics of free electron plasma created by femtosecond pulses in a thin water
jet119 to a direct observation of the free electron density after excitation with tempo-
rally shaped laser pulses by using spectral interference techniques.120,121 Exploiting
polarization-dependent near field effects122 is an alternative route to nanoscale
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Fig. 8 Control of ionization processes in fused silica via asymmetrically shaped femtosecond
pulses. Upper left: In our materials processing platform, a femtosecond laser pulse is focused
using a microscope objective. Due to the nonlinear interaction the laser induced plasma is
highly localized. Scanning electron microscope (SEM) micrographs of a measurement pattern:
for an applied energy and focal position, a triplet of laser pulses is highlighted by the ellipse.
Negative, zero, and positive TOD were used. Normalized temporal intensity profiles are
sketched for comparison between different TODs. (a) Low TOD (f3 ¼ �2.5 � 104 fs3, E ¼
77 nJ) results in negligible differences between created structures. (b) High positive TOD (f3

¼ +6 � 105 fs3, E ¼ 71 nJ) results in a change of structure size and threshold energy (adapted
from ref. 117). Diameters of ablation structures for fused silica with (f3 ¼ 0 fs3, B and C for
two completely independent measurements confirm the reproducibility of our setup), for (f3 ¼
+6 � 105 fs3 (red) and (f3 ¼ �6 � 105 fs3 (blue)). Exemplified topology of the large structure
(top) due to the unshaped pulse and the small structure (bottom) obtained by the shaped pulse
measured via AFM. Note that this small structure is an order of magnitude below the diffrac-
tion limit. Right: Transient free electron density ne (solid blue lines) as modeled by a simple rate
equation describing multi photon ionization with k photons (sk) and avalanche ionization (a)
via dne/dt¼ sk I

k + a neI, together with the contributions provided by photo ionization alone sk
Ik (light blue shaded area) and avalanche photo ionization alone a neI (dark blue shaded area)
and the corresponding electrical field (red shaded area) of the modulated pulses proportional to
I1/2. Note that the free electron density exceeds the critical value for material ablation nc only for
a positive value of f3. This observation has been discussed in a seed and heat mechanism based
on a refined ionization model employing a multiple rate equation approach.116
material processing of dielectrics123,124 Minimizing the spatial structure and at the
same time maximizing the spectrochemical sensitivity for fs-LIBS125,126 (LIBS¼ laser
induced breakdown spectroscopy) completes our experiments exploiting temporal
pulse tailoring for material processing.

6. Conclusions

In this Introductory lecture we first summarized recent developments in coherent
control before we focused on our experiments on (coherent) electronic excitation
with shaped femtosecond laser pulses with respect to recent developments.
We started by discussing how to make use of the electronic structure of matter

together with polarization shaped laser pulses in order to create designed electron
wave packets in the continuum and showed how to reconstruct the created three-
dimensional electron distributions via tomography. We pointed out that the tech-
niques developed open new routes to molecular recognition with an emphasis on
chiral recognition in the gas phase as well as to the measurement of photoelectron
angular distributions in the molecular frame.
We then turned to control of coherent electronic excitation in the Rabi cycling

regime with shaped laser pulses. We highlighted the importance of controlling reso-
nant processes under such strong-field conditions and gave two examples. In gas
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phase experiments we hinted at a general strong-field scheme based on selective pop-
ulation of dressed states (SPODS) and especially to the consequences of controlling
electronic coherences (being in the order of one femtosecond for typical valence exci-
tations) with attosecond precision. By this, population to different final states in
atoms and molecules can be switched with high selectivity and efficiency. In the
liquid phase we discussed strong-field scenarios for adiabatic population transfer.
In our experiments on porphyrazines we used physically motivated pulse parameter-
izations for adiabatic strong-field interactions. These were based on frequency
sweeps together with temporal pulse envelope asymmetries. Comparison to simula-
tions helped us to identify possible mechanisms for adiabatic population transfer in
molecules. Joint wave packet motion (JOMO) and eigenstate preparation are pre-
sented as adiabatic strong-field processes complementing the well known frequency
ordering followed by pump–dump scenarios and picosecond ultrabroadband posi-
tive chirp approaches.
Finally we briefly presented our experiments demonstrating control of incoherent

ionization processes in dielectrics for material processing on the nanometre scale.
We showed that shaping temporal asymmetric profiles address multi photon ioniza-
tion and electron-electron impact ionization in a different fashion leading to
different observed ablation thresholds for pulses with the same fluence, same statis-
tical pulse duration and same focusing conditions. By this we point to a further
extension of ultrafast coherent control methodologies in material processing: here
optimal energy coupling with the help of suitably shaped temporal pulse envelopes
gives the possibility to guide the material response towards user-designed directions,
offering extended flexibility for quality material processing.
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