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Ultrafast strong field quantum control on K2 dimers
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Abstract

In this theoretical wave packet study, we demonstrate efficient strong field quantum control by Selective Population of Dressed States (SPODS)
on K2 dimers. Shaped femtosecond pulses are used to switch population transfer among different final states with high selectivity and almost
unit efficiency. The physical mechanism of this ultrafast molecular strong field control scenario is analyzed in analogy to the interpretation of
recent experimental studies of SPODS on atoms. Criteria for the design of SPODS-pulses are presented along with experimental signatures for the
observation of SPODS on molecules.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Current ultrashort pulse shaping techniques [1] offer unprece-
ented prospects for quantum control of photochemical reac-
ions [2–7]. The general objective of laser control of photo-
hemical reactions is to maximize the yield of specific products
ith high selectivity and high efficiency by design of suitably

haped laser pulses. The tools developed for quantum control of
tomic and molecular dynamics by shaped ultrashort laser pulses
ave been successfully extended to large molecules in solu-
ion [8,9] comprising applications to photobiology [10]. Much
ork has been devoted to studies of weak field quantum con-

rol, i.e. control schemes in which the light matter interaction
s treated perturbatively. However, from a microscopic perspec-
ive, maximizing the product yield is associated with efficient
opulation transfer into a predefined target state implying non-
erturbative depletion of the ground state population. Efficient
opulation transfer can be achieved by strong field schemes
perative on the nanosecond time scale such as Rapid Adia-
atic Passage (RAP) and Stimulated Rapid Adiabatic Passage
STIRAP) [11]. However, another constraint for coherent quan-

be accomplished on the ultrashort time scale. This requirement
is met by the use of ultrashort intense laser fields [12]. For
example, control on the vibrational wave packet dynamics dur-
ing the course the reaction was exerted by strong field induced
level shifts [13,14]. Even faster switching among the different
final states was achieved by control of the electronic coherence
via Selective Population of Dressed States (SPODS). SPODS is
based on techniques originally developed in NMR (spin lock-
ing) [15]. The optical analogue termed photon locking [16] was
demonstrated experimentally using cw-excitation [17]. Appli-
cations of photon locking to molecules using complex shaped
pulses was investigated theoretically [18]. Experimentally, ultra-
fast strong field control by SPODS using phase coherent double
pulses was demonstrated on the photoelectron spectra of potas-
sium atoms [19]. Subsequently, strong field quantum control via
SPODS using pulse shaping techniques was investigated using
sinusoidal spectral phase modulation [20,21], chirped excita-
tion [22] and adaptive optimization of the spectral phase [23].
In view of applications to chemistry selectivity and tunability
up to 2000 cm−1 was demonstrated experimentally on atoms
and the attainable control was studied on a molecular model
um control of chemical and biological samples in solution is
lectronic decoherence on ultrashort time scales. To counter-
ct decoherence effects, efficient population transfer needs to

system theoretically [21]. Implications to quantum optics were
discussed in terms of the analogy to a temporal Young’s double
slit experiment in weak [24] and strong [23] laser fields.

In this contribution we will extend the principles of SPODS as
experimentally observed on potassium atoms to real molecules
i
c
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n view of laser control of chemical reactions. Molecules are
haracterized by additional degrees of freedom such as vibra-
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tions and rotations. The effect of these further degrees of freedom
is equivalent to a system characterized by many rovibronic
states. Typically, the density of the electronic states increases
rapidly with the electronic energy. Therefore it is not a priori
clear whether SPODS as demonstrated in few level systems such
as potassium atoms is operative under these conditions as well.
Another challenge arises from the non-perturbative population
transfer required for applications to chemical control. Unlike
the scenario in potassium atoms where the photoelectrons act
as spectators and could be treated by perturbation theory, for
chemical control one is generally interested in non-perturbative
population transfer—preferably with unit efficiency. However,
non-perturbative interaction with the target states will affect the
coherence properties of the intermediate states and might there-
fore reduce the efficiency of SPODS.

The paper is organized as follows. First we present the
principle idea how SPODS is operative in quantum control of
molecules. In order to apply these principles to a real molecule
we consider the excitation scheme of K2 dimers. Then, the theo-
retical description of strong field induced wave packet dynamics
on K2 is given. Results are discussed in terms of the temporal
evolution of the population for specifically tailored pulses. In
order to establish criteria for the design of optimal laser pulses,
we investigate the final population as a function of the relative
optical phase.

Fig. 1 illustrates schematically how SPODS is operative in
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Fig. 1. Schematic illustration of the strong field control scenario for a
multiphoton-induced chemical reaction with the possible outcomes I and II on
two-dimensional Potential Energy Surfaces (PES) using SPODS. The interme-
diate A state is split into two dressed states due to the coherent interaction with
an intense laser pulse. By phase control, only the lower dressed state is selec-
tively populated (bold line). Since this state is shifted into resonance with the
lower excited PES B a wave packet is selectively created on the B state leading
to the selective formation of the photoproducts I. Selective population of the
upper excited C state resulting in reaction channel II (not shown) is achieved by
changing the relative phase of the second pulse by π.

ization potentials (CCP) [25], including a core–core interaction
given by [26]. The same basis as in [27] was used, together with
the ECP’s form Ref. [28] and the CCP first proposed by Müller
and Meyer [29]. This method has been proven to yield precise
results for this system [27,30]. These potentials, together with
the corresponding R-dependent transition dipole moments are
shown in Fig. 2. It is also confirmed by experimental studies
on alkali dimers that their electronic transitions are character-
ized by R-dependent dipole moments [31–34]. Therefore we
take the R-dependent transition dipole moments into account in
the description of the laser matter interaction. Because we will
use pulses much shorter than the typical wave packet round trip
times in the electronic states (e.g. about 370 fs for the X1�+g -
ontrolling the final state population of a molecule during a mul-
iphoton process. The light-induced reaction proceeds via the
ntermediate Potential Energy Surface (PES) A and two final
ES B and C that are connected to the reaction channels I and II,
espectively. Control is exerted by a shaped pulse which creates
coherent superposition of the ground and the A state within its

eading edge. In the central part of the pulse the phase is tailored
uch that one of the dressed A states is selectively populated, for
xample the lower dressed A state as indicated in Fig. 1. Then,
his state is resonant with the – in principle also dressed – B PES
hereas the upper dressed A state is resonant with the C PES. In

he illustrated case absorption of another photon leads therefore
o selective population of the B PES resulting in the selective
ormation of the photo products I whereas the C state remains
npopulated. In this way the selectivity of the final state popu-
ation – and hence the outcome of the reaction – is controlled by
he selective population of the intermediate dressed A state. In
ddition, the exact resonance between the intermediate dressed
state and the final states can be tuned by the energy splitting
� as demonstrated experimentally on atoms.

. Excitation scheme

In this paper we study strong field control on the multipho-
on excitation of K2 dimers. Unlike the generic scenario shown
n Fig. 1 in potassium dimers we consider three different final
tates (41�+g , 21�g and 51�+g )—rather than only the two PES

and C. The K2 potentials and transition moments relevant
o the multiphoton excitation at a wavelength of 830 nm have
een calculated by a two-electron full configuration interaction
ethod using effective core potentials (ECP) and core polar-
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Fig. 2. Left: scheme for multiphoton excitation of potassium dimers K2. The first
part of the pulse creates a superposition state of theX1�+g and theA1�+u states.

During the second part of the pulse the X1�+g and the A1�+u states are ‘photon
locked’. The optical phase controls which of the dressed states (indicated at R0)
energetically separated by h̄� is selectively populated. Absorption of another
photon leads to population transfer to one of the (non-resonant) states 41�+g and

51�+g . Selective population of the upper dressed state with subsequent transition

to the 51�+g -state is illustrated. Right: R-dependent dipole moments for the
respective transitions. The dipole moments µA−X (dashed), µ4�−A (solid bold),
µ2�−A (solid thin) and µ5�−A (dashed bold) at the equilibrium internuclear
separation R0 are seen at the intersection with the dotted line.

state and about 500 fs for theA1�+u -state), the wave packets will
not move significantly during the excitation process. Therefore,
we are mainly interested in the molecular properties in the region
of the equilibrium internuclear separation R0 = 3.9 Å as indi-
cated with the dotted line in Fig. 2 (right panel). The excitation
scheme as indicated by the arrows in Fig. 2 (left panel) proceeds
via vertical transitions from theX1�+g -state via theA1�+u -state

to the higher excited states 41�+g , 21�g and 51�+g . At R0 both

higher excited 1�+g -states are separated from the 21�g-state by
approximately 185 meV. The ratios of the corresponding dipole
moments µA−X(R0), µ4�−A(R0), µ2�−A(R0) and µ5�−A(R0)at
the equilibrium internuclear separation are 2.2:2.3:1.3. In the
simulation we start with the vibronic ground state wave func-
tion �X,v′′=0. We first consider resonant perturbative excitation
of K2 at 830 nm. Upon excitation, a wave packet is created
in the A1�+u -state. Although the A1�+u (v′ = 14) state is res-
onant at this wavelength, the wave packet is centered around
the A1�+u (v′ = 11) state due to the Franck-Condon overlap.
Absorption of a second photon leads to the creation of wave
packets in higher electronic states. The 41�+g -state is the low-
est among these electronic states. Therefore at 830 nm this
electronic state is always energetically accessible and highly
vibrationally excited. Indeed, at this wavelength the vibrational
states around the 41�+g (v∗ = 41)←← X1�+g (v′′ = 0) transi-
tion are approximately two-photon resonant. Two-photon res-
o
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3. Theoretical description

We describe the interaction of an intense phase coherent pulse
sequence with potassium dimers by numeric solution of the time
dependent Schrödinger equation. The light field consists of two
overlapping pulses at a wavelength of 2πc/ω0 = 830 nm with
equal full width at half maximum of �t = 14.1 fs. The pulse
duration of 14.1 fs was chosen from local optimization of the
final population starting at an experimentally accessible pulse
duration of 15± 1 fs. The second pulse is delayed with respect
to the first by a delay time τ. Decomposing the field ε(t)eiω0t

into the envelope and the carrier, the envelope ε(t) reads

ε(t) = ε1(t)+ ε2(t) = E1 e−2 ln 2(t/�t)2

+E2 e−2 ln 2((t−τ)/�t)2
eiχ, (1)

where χ = ω0τ describes the relative phase between both pulses
determined by the delay. E1 and E2 characterize the peak elec-
trical field of the pulses corresponding to an intensity of about
4.2× 1010 W/cm2 and 6.8× 1011 W/cm2 for the first and second
pulse, respectively. As a consequence of the temporal overlap of
both pulses the absolute value of the individual pulses |ε1(t)| and
|�2(t)| can temporarily exceed the absolute value of the coherent
superposition of both |ε| due to (partially) destructive interfer-
ence as depicted in Fig. 3. Since orthogonal transition dipole
moment vectors µ are involved in the multiphoton excitation of
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nant excitation of the energetically higher lying 21�g-state
eads to vibrational excitation centered at the 21�g(v∗ = 8)
tate. At 830 nm the higher lying 51�+g -state is not (two-photon)

nergetically accessible from the X1�+g (v′′ = 0) state. For the

ransition 51�+g (v∗)←← X1�+g (v′′ = 0) to occur photons at
avelengths below 790 nm are required.
he highly exited states via the respective �←� and �←�

ransitions, for simplicity, we assume the laser radiation to be
olarized at θ = 45◦ with respect to the internuclear axis of an
ligned molecular sample. Although, recently the vectorial char-
cter of the dipole moments in K2 was exploited for quantum
ontrol using polarization shaping [35], this particular aspect
f the dynamics is deferred to a later study. Accounting for the
ffect of random orientation of the molecules within the sample
equires an angular averaging procedure which is also deferred
o a later study. In the simulation, the vibrational wave functions

i(R,t) of the near resonant potentials shown in Fig. 2 are used
o describe the state vector

(R, t) = (ψX(R, t), ψA(R, t), ψ4�(R, t), ψ2�(R, t), ψ5�(R, t)).

(2)

Initially, i.e. before the light matter interaction, potassium atoms
re in the vibronic ground state

(R,−∞) = (�X,v′′=0(R), 0, 0, 0, 0), (3)

here �X,v′′=0(R) describes the lowest vibrational eigenstate
n the X1�+g -potential. The Hamiltonian of the system H =
+ V (R, t) consists of the kinetic operator T and the poten-

ial operator V (R, t) including the light matter interaction terms
rad(t). The light field couples the X1�+g and A1�+u -states

ia the dipole moment µA−X(R) and the A1�+u -state with the
1�+g , 21�g and 51�+g states via the respective dipole moments
4�−A(R), µ2�−A(R) and µ4�−A(R). Within the dipole approx-

mation for the light matter interaction Vrad(t) = −µε(t), we
btain −µε(t) cos(θ) for the parallel �←� transitions and
µε(t) sin(θ) for the perpendicular�←� transitions. By mak-
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Fig. 3. Upper panels: time evolution of the population in the X1�+g -state (dotted), the A1�+u -state (dashed thin), the 41�+g -state (bold solid), the 21�g-state (solid

thin) and the 51�+g -state (dashed bold). Lower panels: absolute value of the envelope of the shaped laser pulse |ε(t)| (bold) and temporal phase function χ(t) (dashed).
The absolute values of the individual pulses |εi(t)| generating the sequence (thin solid) slightly exceed the coherent superposition due to (partially) destructive
interference. The left and right panels correspond to a delay of τ1 = 12.1 fs and τ2 = 12.9 fs, respectively. At a delay of τ1 (τ2) the lower (upper, cf. Fig. 2) dressed
state is populated leading to resonant excitation of the 41�+g -state (51�+g -state) with 79% (81%) efficiency.

ing use of the rotating wave approximation the potential operator
V (R, t) reads

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

VX(R) −µA−Xε(t)

2
0 0 0

−µA−Xε∗(t)
2

VA(R)− h̄ω0 −µ4�−Aε(t)

2
−µ2�−Aε(t)

2
−µ5�−Aε(t)

2

0 −µ4�−Aε∗(t)
2

V4�(R)− 2h̄ω0 0 0

0 −µ2�−Aε∗(t)
2

0 V2�(R)− 2h̄ω0 0

0 −µ5�−Aε∗(t)
2

0 0 V5�(R)− 2h̄ω0

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

. (4)

The time evolution of the state vectorψ(R, t) is obtained by itera-
tively solving time dependent Schrödinger equation employing
a grid based representation of the wave functions propagated
in time by a Fourier based split-operator method as for instance
described in [36,4]. Checks of the numerical performance of our
scheme comprise the reproduction of experimental [37–40] and
theoretical [27,30] spectroscopic results as well as dynamical
studies reported in [41,42].

4. Results and discussion

The strong field induced dynamic is described in the pic-
ture of SPODS similar to the discussion of SPODS as observed
experimentally on atoms [12,19–23]. Other descriptions in terms
of light-induced potentials as for instance reported in [43–45]
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are also possible. However, since the interpretation in terms of
SPODS is straightforward, predictive and permits the design
of tailored ultrashort laser pulses, we restrict ourselves to this
description here.

We analyze the excitation mechanism using the pulse
sequence described by Eq. (1) for two delay times τ1 = 12.1 fs
and τ2 = 12.9 fs. To this end the time evolution of the popula-
tion 〈ψi(R,t)|ψi(R,t)〉 is plotted in Fig. 3 for all potentials Vi(R)
involved. We start the discussion with the situation encountered
at τ2 = 12.9 fs (cf. Fig. 2 for a schematic representation and
Fig. 3, right panels for the quantitative results). Although the
pulses strongly overlap in time, for clarity, we will refer to the
dynamics as being induced by a first and a second pulse. In the
leading edge of the first pulse (ε2(t)) the resonant A1�+u state
is efficiently populated. Both energetically accessible highly
excited states (21�g and 41�+g ) are also populated during this
time interval. With the onset of the second pulse (at around
−10 fs) the phase of the field changes to eventually converge
to a value slightly above π/2 at the end of the sequence. In the
trailing edge of the first pulse at around 10 fs a coherent superpo-
sition of theX1�+g -state and theA1�+u -state with approximately
equal population in both states is created. As the field of the sec-
ond pulse starts exceeding the field of the first pulse (at around
0 fs) the upper dressed state starts being selectively populated
(cf. Fig. 2). The strong second laser pulse (ε2(t)) introduces
level shifts in the order of 200 meV in agreement with the sep-
aration of the potentials at R0 of about 185 meV. Hence, the
upper dressed state is shifted into resonance with higher lying
51�+g -state which was energetically inaccessible in the bare state
representation of the potentials. As a consequence, population is
transferred from the coherent superposition state to the 51�+g -

state. Since the other highly excited states (21�g and 41�+g )
are no longer (strong field) resonant, population is pumped out
of these states. After the pulse sequence 81% of the population
remains in the 51�+g -state whereas only 3% of the population

arrive at the 41�+g -state. In effect, this pulse sequence acts like

a 51�+g -state selective π-pulse. An experimental demonstration
of a molecular 2π-pulse was reported on the Na2 dimer [46,33].

The time evolution leading to selective population of the
41�+g -state is shown in the left panels of Fig. 3. By chang-
ing the delay to τ1 = 12.1 fs the relative phase between the two
pulses converges to slightly below −π/2. In this case the max-
imum coherence between the X1�+g -state and the A1�+u -state
is already attained at around 0 fs. Due to the phase change of
approximately −π/2 during the second pulse the lower dressed
state is selectively populated. Now, the 41�+g -state is in reso-
nance with the populated lower dressed state leading to effi-
cient population transfer to the 41�+g -state. Because the dipole

moment for the transition 41�+g ← A1�+u is approximately

twice the dipole moment for the transition 51�+g ← A1�+u ,

i.e. µ4�−A(R0)≈ 2.3µ5�−A(R0), Rabi oscillations in the 41�+g -
state population are observed. In the trailing edge of the second
pulse the population of the other states decreases such that after
the light matter interaction 79% of the population is stored in
the 41�+g -state whereas only 3% of the population arrive at

the 51�+g -state. In accordance with the larger dipole moment

the pulse sequence acts like a 41�+g -state selective 2.5 π-pulse.
These results show, that by controlling the temporal phase of the
laser pulse during the light matter interaction we can switch the
final population among different molecular states on the ultra-
short time scale with high selectivity keeping all other molecular
states essentially unpopulated.

In order to establish criteria for the design of SPODS-pulses,
we investigate the final population of the highly excited states
as a function of relative phase between the pulses. To this end
wave packet calculations as shown in Fig. 3 for τ1 = 12.1 fs and
τ2 = 12.9 fs have been performed for various delay times ranging
from approximately 8 to 20 fs. The final population of the 41�+g ,

21�g- and 51�+g -states is plotted in Fig. 4 for strong field exci-
tation (upper panel) and perturbative excitation (lower panel).
For reference we will first describe the results obtained by weak
field excitation. Depending on the time delay, the energetically
accessible states, i.e. the 41�+g -state (bold line in Fig. 4) or the

21�g-state (thin line in Fig. 4) are perturbatively excited. In the
weak field limit selectivity is obtained via spectral interference,
i.e. the delay-dependent modulation of the (multiphoton) spec-
trum of a pulse sequence, as for instance reported for atoms
[47–49] and molecules [50–52]. Consequently, the 51�+g -state
remains unpopulated for all delay times because there is no
overlap of the (modulated) 2ω-spectrum with the vibrational
states of the 51�+g potential. A very different picture arises when
s
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trong laser fields are used. Due to the above mentioned light-
nduced level shifts in the order of 2000 cm−1 the (two-photon)
nergetically forbidden 51�+g -state is efficiently populated for
uitable delay times, i.e. suitable relative optical phases. In addi-
ion, the resonant 21�g-state remains essentially unpopulated

ig. 4. Final population in the 41�+g -state (bold), the 21�g-state (solid thin)

nd the 51�+g -state (dashed bold) as a function of the delay τ within the
ulse sequence for strong field excitation (upper panel) and perturbative exci-
ation (lower panel). The delay time for selective excitation of the 41�+g -state

τ1 = 12.1 fs) and the 51�+g -state (τ2 = 12.9 fs) as shown in Fig. 3 are indicated.
he dotted line indicates 80% population transfer. Selective excitation of a single
nal state is repeatedly obtained at the optical period of �T = 2π/ω0 = 2.77 fs.
ecause the 51�+g -state is energetically not accessible at 830 nm, this state

emains unpopulated in the weak field case. Note the phase shift between the

eak and the strong field cases.
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at all delay times. In the strong field case selectivity among
the highly excite �-states is obtained via SPODS. Because the
relative optical phase between the two pulses – which deter-
mines selective population of the upper or lower dressed state
– is controlled by the delay χ=ω0τ, switching between differ-
ent final states occurs within one optical period �T = 2π/ω0.
However, the efficiency of the process is not constant at all the
optimal delay times. For low delay times the pulses interfere
such that the phase jump is not as distinct as for τ1 and τ2.
At larger delay times the motion of the wave packet weakens
the effect of photon locking between the X1�+g and the A1�+u
states.

From the above theoretical findings we conclude signatures
of SPODS on molecules to be observed in the experiment. Due
to AC-Stark shift during the excitation process electronic states
which are not energetically accessible in the perturbative limit
can be excited with high efficiency. Because dressed state selec-
tivity is determined by phase jumps, the delay required to switch
between different final states is in the order of half an optical
cycle�T/2 =π/ω0. Opposite to weak field spectral interference,
the final population depends on the laser pulse intensity. Inten-
sity dependent phase shifts of the selectivity – as observed in
atoms [19] – are characteristic for SPODS.

Simple rules for the design of pulse sequences are derived
from the insights into the physical mechanism of SPODS.
Because phase changes during the pulse determine the selec-
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Molecular rotation during the excitation process is not a limita-
tion of our scheme because rotation is frozen on the time scale
of the laser pulses employed for SPODS. Because molecules
will be generally found at random orientation in real sam-
ples, the efficiency of the population transfer might be lower
in the experiment. The effect of random orientation could, for
instance, be circumvented by rotational alignment prior to the
SPODS-sequence [53]. Future simulations allowing for polar-
ization shaping and including the effect of random molecular
orientation, more electronic potentials and ionization will pro-
vide a more detailed picture of molecular quantum control via
SPODS. The inclusion of energy resolved photoelectron spectra
will be important to interpret experimental results obtained by
photo-ionization.

5. Conclusion

In this wave packet study we extend strong field quantum
control by selective population of dressed state as recently
demonstrated experimentally on atoms to applications on real
molecules. Simulations of the light-induced dynamics on the
potential curves of the K2 dimer showed that efficient pop-
ulation transfer to a single predefined electronic state can be
realized. High selectivity of about 80% is obtained in a two step
process. In the first step a coherent superposition state of the
electronic ground state and the first excited state is produced.
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ivity of the dressed states population, shaped pulses with rapid
hanges of the temporal phase are employed. Sequences of
wo phase coherent pulses provide the simplest way to gen-
rate such phase jumps. Alternatively, by the use of a pulse
haper, sinusoidal phase modulation in frequency domain can
e used to produce phase coherent pulse sequences [20,21].
he latter saves the efforts associated with an interferomet-

ic set-up and collinear alignment of the two beams. In terms
f the laser intensity, the first pulse is tailored such that the
ulse area is approximately π/2 whereas the intensity of the
econd pulse is adapted to the required level shifts in the order
f µε = h̄�. In most cases – when significant level shifts are
equired – the second pulse is much more intense than the
rst one. Using low amplitudes of the sinusoidal spectral phase
odulation function, this requirement is automatically fulfilled.
he delay between these pulses is determined by two oppo-
ite requirements. On the one hand the whole sequence needs
o be short enough to essentially freeze the vibrational motion
ecause the selectivity decreases with increasing wave propa-
ation time (cf. Fig. 4 at large delay times τ). Therefore the
elay time τ needs to be significantly shorter than the vibra-
ional round trip time. On the other hand, in order to avoid
destructive) optical interference and to guarantee a well defined
ptical phase jump between both sub-pulses only partial over-
ap between both pulses is tolerable. Otherwise pulse energy is
ost by (destructive) optical interference leading to reduced final
opulation (cf. Fig. 4 at early delay times τ). Therefore the typ-
cal time delay between both sub-pulses is in the order of the
ulse duration.

In this study, the influence of molecular rotation and the vec-
orial properties of the dipole moment was not investigated.
y control of the relative temporal phase of a second pulse, the
opulation of the intermediate dressed state is manipulated and
ransferred to a preselected final state via strong field induced
esonance. In order to demonstrate that control is exerted by the
elative phase between the two pulses, we studied the efficiency
f the population transfer as a function of the delay between
he two pulses. Comparison of the strong field results to weak
eld control emphasized that this physical mechanism is not
ased on common (multiphoton) weak field schemes such as
pectral interference. In addition, light-induced level shifts in
he order of 2000 cm−1 made it possible to selectively populate
ven potentials that are energetically inaccessible in weak laser
elds.

From these insights into the physical mechanism criteria for
he design of efficient and highly selective pulse sequences were
stablished in terms of pulse duration, intensity and phase rela-
ion. The required pulse sequence can be routinely produced
n femtosecond labs because the pulse properties required for
PODS in terms of wavelength, pulse duration, intensity and

nterferometric control of the relative phase are readily obtained
y standard equipment. Because switching among different final
tates is ultrafast, we believe that strong field quantum control via
PODS is applicable in the presence of decoherence channels as
ell. Because SPODS is ultrafast, robust and simple, we believe

hat strong field control via SPODS is generally applicable and
t play in many other circumstances as well. Exploiting the vec-
orial properties of the dipole moment by combining strong laser
elds with polarization shaping techniques promises a new level
f quantum control. Experimental demonstrations of SPODS on
lkali dimers and larger molecules are currently prepared in our
abs.
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