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Abstract. Femtosecond pump–probe photoelectron spec-
troscopy has become a common tool in ultrafast gas-phase
science because of its sensitivity both to structural and elec-
tronic changes in a molecule upon excitation. Here a sum-
mary and extended discussion of our experiments is pre-
sented. We focus on the potential of this method to study
basic femtosecond coherent control schemes. Multi-photon
excitation of the Na2 molecule with femtosecond laser pulses
leads to preparation of vibrational wave packets. Mapping of
the vibrational wave-packet dynamics by time-resolved pho-
toelectron spectroscopy offers the high spatial and temporal
resolution required to investigate a variety of laser-control pa-
rameters in great detail. Besides an illustration of the Tannor–
Kosloff–Rice scheme we demonstrate electronic transitions at
Franck–Condon forbidden internuclear distances due to the
intensity of the applied laser pulses. Further we discuss the
influence of simple phase-modulated (linearly chirped) laser
pulses on a molecular multi-photon process. An enhanced
population transfer is derived due to synchronization of the
wave-packet motion on an electronic potential to an appropri-
ate chirp of the laser pulses. In addition, the influence of the
temporal profile on the population transfer and the role of the
pulse duration are studied.

PACS: 33.60.-q; 31.70.Hq; 82.50.Fv

As the femtosecond time scale is the time scale of nu-
clear motion within a molecule, femtosecond laser pulses can
be used either to observe or to control molecular dynam-
ics in real-time. The corresponding research area has been
termed femtochemistry [1, 2]. Different approaches for con-
trolling chemical reactions on a femtosecond time scale are
discussed for example in [3] and references therein. Most
of the approaches rely on one-parameter control schemes,
i.e. one laser-specific parameter is varied. In a recent ex-
periment control was achieved by feedback-optimized phase-
shaped femtosecond laser pulses [4]. In that experiment tai-
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lored femtosecond laser pulses from a computer-controlled
pulse shaper [5, 6] were used to optimize the branching ratios
of different organometallic photodissociation reaction chan-
nels. The optimization procedure was based on the feedback
from reaction-product quantities in a learning evolutionary
algorithm that iteratively improved the phase of the applied
femtosecond laser pulses, leading to complex pulse shapes
for the optimized laser pulses. The beauty of this method is
that it works automatically and finds optimal solutions with-
out previous knowledge of the molecular system. However,
from this experiment it is non-trivial to gain insight into the
individual control mechanisms that are taking place during
the laser–molecule interaction and to deduce molecular infor-
mation from them. In order to get a better physical insight into
the multi-parameter control driving such an experiment there
is a need to investigate one-parameter control schemes in de-
tail on model systems. In that context we first have to realize
that steering a molecule into a certain reaction coordinate
requires multi-photon processes [7]. Further, it is advanta-
geous to take a model system with a one-dimensional inter-
nuclear coordinate to study basic coherent control schemes,
such as for example vibrations or the dissociation of a di-
atomic molecule. Finally, in order to detect the outcome of the
control the detection method needs to be sensitive to changes
in the nuclear as well as in the electronic configuration. Time-
resolved multi-photon ionization on the Na2 molecule [8] to-
gether with the ability to map vibrational wave-packet motion
over all energetically allowed internuclear distances via pho-
toelectron spectroscopy [9] fulfils all the above-mentioned
requirements.

It should be noted that time-resolved diffraction of ul-
trafast electron pulses [10, 11] or X-ray pulses [12] delivers
a direct method to follow structural changes in molecules
upon excitation with an ultrashort laser pulse. These methods
are universal in a sense that they do not need a specific
detection state in comparison to commonly used pump–
probe set-ups. However, they are not sensitive to changes
in the electronic configuration and as they are technically
rather involved they do not reach the time resolution of
a few femtoseconds that we obtain nowadays by optical
pump–probe methods. The latter in combination with ion-
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or laser-induced fluorescence or ZEKE (zero kinetic en-
ergy) detection delivers high temporal resolution, but these
techniques are not suited to map molecular dynamics over
wide internuclear distances, as the observation of molecu-
lar dynamics relies on restricted internuclear distances for
the excitation into the detection state. This limitation can
be overcome, if an additional experimental parameter is
found from which we are able to deduce the actual bond
configuration. Experimental implementations of these ideas
are for example the time-resolved up-conversion of fluo-
rescence [13], the time-resolved detection of kinetic en-
ergy of fragments via KETOF (kinetic energy time-of-flight)
techniques [14–16] or time-resolved photoelectron detec-
tion [9]. Since the first experimental demonstration of fem-
tosecond time-resolved photoelectron spectroscopy [17] this
technique has developed rapidly into a common tool in ul-
trafast gas-phase science because of its sensitivity both to
structural and electronic changes in a molecule upon ex-
citation [18–25]. Recent developments are extending the
technique by the use of imaging devices in order to facilitate
the detection of the electrons’ angular distribution [23, 26]
and by coincidence techniques [22, 26]. Theoretically the
method was described by Seel and Domcke [27] first and
applied by Meier and Engel [28] to the mapping of vi-
brational wave-packet motion that we have demonstrated
experimentally [9]. Current research topics are the calcu-
lation of the angular distribution of the photoelectrons and
the evolution of electronic structure with femtosecond time
resolution [29].

In this contribution we will focus on femtosecond pump–
probe photoelectron spectroscopy as a tool to study basic
coherent control schemes. After a short introduction into
the experimental set-up and the relevant multi-photon ion-
ization dynamics of the Na2 molecule we will first give an
extended discussion of our mapping experiment [9], before
we discuss the individual control schemes investigated by this
technique.

1 Experimental set-up

The femtosecond laser pulses are provided by a home-built
Ti:sapphire oscillator with a chirped pulse amplification
(CPA) system. The pulses of 800 nm (90 fs, 1 mJ, 1 kHz) are
frequency-converted into pulses of 620 nm having a max-
imum energy of 20µJ and a minimum pulse duration of
40 fs by employing an optical parametric generator (OPG) in-
cluding a subsequent prism compressor. In a Michelson-type
set-up the beam is split into two equal parts and a variable
time delay is introduced. Both beams can be attenuated sep-
arately to adjust the intensity of the pump and probe lasers.
The recombined laser beams are focused with a 300 mm lens
into the vacuum chamber where the laser interacts with the
molecular beam. The sodium dimer is prepared vibrationally
cold by supersonic expansion of sodium from an oven oper-
ated at 900 K through a nozzle of 200-µm-diameter orifice
into a differentially pumped vacuum chamber. The beam is
skimmed and directed through the pole-pieces of a magnetic-
bottle electron spectrometer [30] (MBES, Applied Laser
Technology) where it intersects the laser beam perpendicu-
lar; in an earlier phase of the experiments aµ-metal-shielded
linear time-of-flight (TOF) spectrometer was used. The pho-

toelectron spectra are recorded by their TOF distribution in
the MBES using a 1 GHz, 2 giga-sample digital oscilloscope
and averaged over several thousands of laser shots.

Calibration was performed using 2+1 REMPI (resonance-
enhanced multi-photon ionization) with the help of a tunable
nanosecond dye laser via the Na 4d and 3d levels, yield-
ing known photoelectron energies of 1.286 eV and 0.286 eV
respectively. The energy resolution was determined to be
30 meV for electrons with a kinetic energy of 0.7 to 1.0 eV. By
applying a retardation field we obtain an energy resolution of
20 meV at 0.5 eV. Because of the high efficiency in electron
collection of a MBES it is possible to perform the measure-
ments at low densities of Na2 in the interaction region. This
is crucial in order to minimize space-charge effects in strong
laser fields. In addition a linear TOF mass spectrometer is
used to detect the corresponding ions. This enables us to com-
pare the excitation conditions in the photoelectron experiment
to the well-studied multi-photon ionization dynamics of Na2
(at 2 eV photon-energy excitation) [8, 31].

2 Excitation scheme and difference-potential analysis

The excitation scheme of the experiment is depicted in
Fig. 1. At 620 nm three photons are needed to ionize the
Na2 molecule from its neutral ground stateX 1Σg

+ into its
ionic ground state2Σg

+. The dynamical aspect of this multi-
photon excitation has been investigated in this wavelength
regime in detail with ion detection [8]. Due to the spectral
width of the laser pulse and due to the Franck–Condon prin-
ciple one-photon excitation prepares a wave packet at the
inner turning point of theA 1Σu

+-state potential by coher-

Fig. 1. Excitation scheme. The pump laser at 620 nm createswavepackets
in the A 1Σu

+ and the 21Πg at the inner turning points. The time-delayed
probe laser ionizes the sodium dimer. As indicated the kinetic energy of
the photoelectrons depends on the internuclear coordinate because of the
monotonically increasing difference potential (dashed line, see text)
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ent superposition of vibrational levels. The roundtrip time
of this wave packet is about 310 fs (≈ 110 cm−1). Two-
photon excitation leads to preparation of a wave packet
at the inner turning point of the 21Πg-state potential with
a roundtrip time of about 370 fs (≈ 90 cm−1). In [8] it was
found that theA 1Σu

+-state wave-packet motion is reflected
in the total Na+2 -ion yield due to a resonance-enhanced ‘dir-
ect’ photoionization process via the 21Πg state into the
Na+2 ( 2Σg

+) state at the inner turning point of the mo-
lecular potential curves involved (see Fig. 1). In those ex-
periments the 21Πg-state wave-packet motion could only
be detected in the Na+2 and Na+ fragment signal due to
the excitation of a doubly excited neutral state of the Na2
molecule near the outer turning point of the 21Πg-state
potential (not shown in Fig. 1) and its subsequent decay
channels as autoionization (indirect photoionization) and
autoionization-induced fragmentation [8, 32]. Note that ‘dir-
ect’ photoionization out of the 21Πg-state into the Na+2
( 2Σg

+) state cannot provide the dynamical information on
the wave-packet prepared on this state when detected by
the total Na+2 -ion yield, since a large part of internuclear
distances is sampled in a pump–probe experiment [33, 34].
However, by the detection of kinetic-energy-resolved pho-
toelectrons this dynamical information can be obtained, be-
cause electrons of different kinetic energies are formed at
different internuclear distances. In such a direct photoioniza-
tion process the released kinetic energy of the photoelectrons
can be determined by a classical difference-potential analy-
sis [33, 35]: let E1 and E2 denote the total energy of the
nuclei in molecular potentialsV1(R) and V2(R) before and
after the absorption of a photon with energyhν. Due to
the Franck–Condon principle the nuclei will not noticeably
change either their relative position or their velocities dur-
ing an electronic transition. This means the transition occurs
at a fixed internuclear distance and will conserve the ki-
netic energyEkin(R). For a transition between neutral states
the energy net result can be written as:V1(R)+ Ekin(R)+
hν = V2(R)+ Ekin(R)⇔ V2(R)−V1(R) = hν. Graphically
the classical transition is given by the intersection of a ho-
rizontal line with heighthν with the difference potential
V2(R)−V1(R). Considering transitions between a neutral and
an ionic state we have to modify this analysis slightly, as
the ejected electron carries away the excess kinetic energy
Eelectron and we obtainV2(R)−V1(R)= hν− Eelectron≤ hν.
Often it is convenient to shift the difference potential with
respect toE1, so that we can analyse the excitation within
the potential-energy diagram. The dashed line in Fig. 1 dis-
plays the difference potential2Σg

+ (Na+2 )−21Πg+2 hν
relevant for this experiment. Accordingly, the expected pho-
toelectron energy in this photoionization process out of the
21Πg state is decreasing with increasing internuclear dis-
tance. At the inner turning point of the potential curve pho-
toelectrons of about 0.94 eV are formed whereas at the outer
turning point photoelectrons of about 0.78 eV are released.
Recording transient photoelectron spectra enables us to probe
molecular wave-packet motion on neutral electronic states
along all energetically allowed internuclear distances sim-
ultaneously. Note that the autoionization processes of the
doubly excited state lead to photoelectrons with less than
0.5 eV kinetic energy [32], which can be well separated
from the electrons released in the ‘direct’ photoionization
process.

Fig. 2a–d. TOF (time-of-flight) photoelectron distributions for a fixed
pump-laser intensity (I0 ≈ 1011 W/cm2) and increasing probe-laser inten-
sity; a Iprobe= I0, b Iprobe= 2I0, c Iprobe= 6I0, d Iprobe= 10I0. The
wave-packet dynamics on the neutral electronic states is mapped

3 Mapping and inversion

In Fig. 2a the measured TOF photoelectron distribution is
shown as a function of the pump–probe delay for the same in-

Fig. 3. After calibration of the TOF electron spectrometer with the help of
atomic resonances, the TOF axis from Fig. 2a is converted into an energy
axis. Taking the difference potential into account the mappedwave-packet
dynamics as a function of the internuclear distance is obtained with sub-Å
spatial resolution
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tensity (I0≈ 1011 W/cm2; 70 fs; 620 nm) of pump and probe
lasers. The TOF range from 0.8µs to 1.15µs displayed in the
figure corresponds to a kinetic energy of the electrons from
1.1 eV to 0.6 eV. Variation of the pump–probe delay moni-
tors the dynamics of the molecule in the two neutral states
21Πg and A 1Σu

+ (via the 21Πg). Particularly the propaga-
tion of the 21Πg wave packet between the turning points is re-
solved. In order to obtain the mapped wave-packet dynamics
as a function of the internuclear distance R we transformed
the TOF axes to the corresponding kinetic-energy axis and
took the difference potential2Σg

+(Na+2 )−21Πg+2hν into
account. The result is displayed in Fig. 3. Taking the slope
of the difference potential, the energy resolution of our spec-
trometer and the energetic width of our fs laser pulses into
account we obtain a spatial resolution of about 0.5 Å.

In order to deduce more dynamical information we per-
formed a fast Fourier transformation (FFT) of the photoelec-
tron distribution along the pump–probe delay. Cuts of this
two-dimensional FFT at 0.9µs and 1.02µs time-of-flight,
corresponding to the inner and the outer turning point of

Fig. 4. Cuts of the normalized FFT spectra obtained from Fig. 2 at two fixed
TOFs, representing the inner (left, 0.90µs) and the outer (right, 1.02µs)
turning points of thewavepackets. By increasing the probe-laser intensity
the contribution of theA1Σu

+ wave packet for the ‘fast’ photoelectrons
increases in relation to the 21Πg wave packet. For ‘slow’ photoelectrons
the contribution of theA1Σu

+ wave packet starts to appear at interme-
diate intensities and increases rapidly with increasing laser intensity. This
behaviour is attributed to the effect of perturbed molecular potentials in
high laser fields (dressed states). The minor-frequency contributions are
attributed to ground-state contribution and harmonics of theA1Σu

+ and
21Πg wavepackets

Fig. 5. Difference potential calculated in an adiabatic picture for different
laser intensities. In the diabatic limit the difference potentialΠ∗-A∗-hν

equals the photon energy at small internuclear distancesR and decreases
with increasingR (solid line). At an intensity of 5×1011 W/cm2 the po-
tential is almost flat in the relevant region ofR

the wave packets in the 21Πg state, are displayed at the
top of Fig. 4. There are two dominant contributions to the
whole dynamics in the Fourier spectrum at about 90 cm−1 and
110 cm−1 originating from the wave packets in the 21Πg and
the A 1Σu

+ states, respectively. At the inner turning point we
observe both contributions whereas at the outer turning point
there is just the signal at 90 cm−1. This can be explained in
terms of the difference-potential picture of theA 1Σu

+ and
21Πg states depicted in Fig. 5 and also discussed in [8, 33].
With attenuated laser intensities a resonance-enhanced ion-
ization out of theA 1Σu

+ state via the 21Πg state is al-
lowed at internuclear distances, where the difference poten-
tial equals the photon energy. Therefore in the sodium dimer
there is a Franck–Condon window in the transition proba-
bility limited to the region of the inner turning point of the
wave-packet propagation in theA 1Σu

+ state, which is in-
dicated in Fig. 1 for clarity. As a consequence we observe
a resonance-enhanced transition at the inner turning point of
the wave packet in theA 1Σu

+ state but none at its outer turn-
ing point. The wave-packet propagation in the 21Πg state can
be observed at all allowed internuclear distances since in this
direct ionization process there is no limitation to a specific
internuclear distance.

4 Basic one-parameter control schemes

4.1 The Tannor–Kosloff–Rice scheme

In the time domain the so-called Tannor–Kosloff–Rice
scheme [36] is a very illustrative way of how to obtain con-
trol over different products via photoexcitation of a molecule.
They have proposed that controlling the time duration of
a wave packet on an excited electronic potential-energy sur-
face can be used to achieve different products. In practice this
means that a pump laser prepares a vibrational wave packet
on an electronic excited potential and with the help of a time-
delayed probe laser the product state is populated either by
dumping the wave packet down again or by further excitation.
In our case studied here we obtain a higher kinetic energy
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of photoelectrons at the inner turning point and a lower ki-
netic energy of the photoelectrons at the outer turning point
from the ionization of a vibrational wave packet propagat-
ing on the 21Πgstate (see Fig. 1). If we consider the electrons
with different energy as different photoproducts it is evident
from Fig. 2a that by controlling the duration of the wave
packet on the 21Πg state we have access to different product
states. Note that at the outer turning point we have access to
a doubly excited neutral state that decays inter alia via frag-
mentation [8, 32]. By this means we demonstrated the control
of the photoproduct ratio Na+/Na+2 in a pump–probe experi-
ment [8, 37]. Further experimental examples employing this
scheme can be found for example in [38] on the NaI molecule
and in [39] on the XeI system. In general, the wavelength
range needed for the excitation of the wave packet will differ
from the wavelength range needed to reach the product state
at a certain bond configuration due to Franck–Condon argu-
ments. If the Tannor–Kosloff–Rice scheme were the only way
to reach a desired product, then feedback-optimized phase-
shaped femtosecond laser pulses might not find the optimal
solution in cases where the two wavelength regimes are not
contained in the spectral width of the laser pulse. A possible
solution can be found by investigating effects that depend on
the intensity of the probe laser as discussed in Sect. 4.2.

4.2 Intensity of the laser pulses

First we have to distinguish between effects due to inten-
sity variations of the pump pulse and those due to the probe
pulse. In earlier experiments we have demonstrated that
an increased intensity for the pump process in our exci-
tation scheme (Fig. 1) leads to Rabi-type cycles (molecu-
lar ‘π pulses’) of the population in the relevant electronic
states [31, 40]. Now we will focus on recent experiments [41]
where we have varied the intensity of the probe laser. We have
found that the increase of the probe-laser intensity gives rise
to electronic transitions at internuclear distances that are not
allowed in the perturbation regime due to Franck–Condon
arguments.

In a set of measurements the pump-laser intensity is kept
fixed whereas the probe-laser intensity is increased from
I0≈ 1011 W/cm2 to 10I0. As the excitation of the wave pack-
ets is identical in the whole set of experiments the population
and the time evolution in the intermediate states are also iden-
tical. The propagation of the vibrational wave packets over
all allowed internuclear distances is monitored with a probe
laser of variable intensity to detect the influence of high laser
intensities on the molecular potential sensitive to the inter-
nuclear distance. The photoelectron signals for probe-laser
intensities ranging fromI0 to 10I0 are shown in Fig. 2. The
dynamical behaviour changes as a function of the intensity,
and the kinetic energy of the time-of-flight of the photoelec-
trons is slightly increased corresponding to a decrease of the
photoelectron energy (≈ 0.03 eV). In Fig. 4 the FFT of the
cuts at TOFs corresponding to the inner and outer turning
points of the wave packets are shown. As mentioned before,
at the inner turning point we observe signals of the wave
packet in both theA 1Σu

+ and the 21Πg state. With increas-
ing probe-laser intensity the ratio of the signals in the FFT
changes and the signal of the wave packet in theA 1Σu

+
state becomes dominant compared to that in the 21Πg state.

As mentioned above, there is no contribution of theA 1Σu
+-

state wave packet at the attenuated probe-laser intensity at
the outer turning point. At an intermediate probe intensity of
2I0 we observe the onset of the frequency corresponding to
the A 1Σu

+ wave packet. This contribution increases rapidly
with increasing probe-laser intensity and is dominant for the
highest intensity used (10I0). At 6I0 the signal heights of the
wave-packet contributions in the FFT at the inner and the
outer turning point become comparable. The increasing con-
tribution of the frequency of theA 1Σu

+ wave packet with in-
creasing probe-laser intensity as compared to the frequency of
the 21Πg wave packet at the inner turning point might be at-
tributed to the increased probability of two-photon absorption
processes at high laser intensities. The electronic transition
at the outer turning point out of theA 1Σu

+ state with in-
creasing probe-laser intensities, however, cannot be explained
by nonresonant two-photon ionization, because this process
implies a constant photoelectron energy for all allowed inter-
nuclear distances, since the difference potential between the
A 1Σu

+ state and the ionic ground state is flat. An explanation
of this behaviour is possible in terms of light-induced poten-
tials (see for example [42] and references therein). Within
this concept the laser intensity affects the molecular potentials
leading to adiabatic potentials. First theoretical calculations
were performed using the split-operator technique [43] [44]
and involving theX 1Σg

+, A 1Σu
+ and 21Πg states. The

transition-matrix elements are supposed to be independent of
the internuclear distance. The coupling to the ionic ground
state is treated by perturbation theory, since the transition-
matrix elements are about ten times smaller than those in the
neutral system [45]. Since the concept of difference potentials
is capable of explaining the photoelectron signal at attenu-
ated laser intensities, i.e. where perturbation theory holds, we
transferred this concept to higher intensities. For that purpose
we considered the calculated adiabatic dressed states for each
laser intensity, denoted in the following asA∗ and Π∗. At
the limit of attenuated laser intensities this adiabatic differ-
ence potential passes into the diabatic potential (Fig. 5) and
the statements derived within the perturbation theory hold as
discussed above. At a laser intensity of about 5×1011 W/cm2

the adiabatic difference potential becomes almost flat over in-
ternuclear distances where the molecular wave-packet motion
takes place (i.e. 3–5 Å). Within this context there is no re-
striction for the transition between theA∗ and theΠ∗ states
to a specific molecular configuration as in the diabatic limit
and thus the transition probability is independent of the in-
ternuclear distance. At a laser intensity of 10I0 the adiabatic
difference potential even increases with increasing internu-
clear distance, resulting in a restriction of internuclear dis-
tances where transitions fromA∗ to Π∗ can take place. As
explained these adiabatic difference potentials give evidence
to a change in the relative transition probability between the
neutral adiabaticA∗ andΠ∗ states in the sodium dimer. As
a function of the probe-laser intensity the dependence on the
internuclear distance of this probability changes. The kinetic
energy of the photoelectrons is determined by the difference
potential between theΠ∗ state and the ionic ground state. Ac-
cording to the calculations the monotonically increasing slope
of this difference potential is similar for all laser intensities
used. Therefore the relation between the kinetic energy and
the internuclear distance is given at high laser intensities as
in the limit of low intensity (see Fig. 1). As a consequence
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the different contribution of the dynamics in theA 1Σu
+ state

to the whole dynamics for increasing laser intensity is de-
termined by the change of the difference potential between
the adiabaticA∗ and theΠ∗ state. Within this concept the
frequency of the A wave packet at a laser intensity of 6I0
can be observed in the photoelectron spectrum independent
of the internuclear coordinate, since there is no limitation to
a Franck–Condon window for a resonant ionization out of
the A∗ state via theΠ∗ state. Calculating the photoelectron
energy in our approach we expect a decrease with increas-
ing probe-laser intensity of about 0.2 eV. This is more than
the observed energetic shift of about 0.03 eV corresponding
to the measured TOF of the photoelectrons. This might be
an effect of a light-induced coupling of electronic states in
the ionic system leading to a shift in the ionic ground-state
potential [42], which was not included in our calculations.
The Gaussian variation of the laser intensity across the spatial
beam profile was also not taken into account. Full theoretical
calculations to study the observed behaviour are currently be-
ing performed [46]. At the highest probe-laser intensities used
in this experiment the further absorption of photons in the
continuum is observed. The discussion of molecular above-
threshold ionization (ATI) on the Na2 system was the subject
of a recent publication [47].

4.3 Chirp and pulse duration of the laser pulses

In the last couple of years an increasing number of experi-
ments has been devoted to the use of phase-shaped laser
pulses in order to control atomic and molecular properties.
Linearly chirped laser pulses were used to control the pop-
ulation in atomic two- and three-level systems [48, 49] as
well as in the B–X system of the I2 molecule [50]. In those
experiments control over population was achieved by mak-
ing use of adiabatic rapid passage in intense linearly chirped
laser pulses, whereas in a recent theoretical publication such
a scheme is proposed as a method to produce molecular
π pulses with inversion probabilities of up to 99% [51].
A shaped vibrational wave packet was obtained via excitation
with linearly chirped pulses in theB state of I2 [52] and theE
state of Li2 [53]. Control of the population in the ground and
excited states of the laser dye LD 690 was also reported by
this means [54]. In order to shape atomic Rydberg wave pack-
ets a computer-controlled pulse shaper was employed [55, 56]
and by a similar method a phase shift between two fs pulses
was used in an experiment on Na atoms [56]. Recently an in-
crease in the Na∗ yield from photodissociation of NaI [57]
was observed as well as of the I2

∗ yield from photodissoci-
ation of CH2I2 and from excitation of I2 [58, 59] employing
simple phase-shaped laser pulses.

In the following we will report on the observation of
a strong chirp dependence of the three-photon ionization
probability of Na2 using simple phase-shaped femtosecond
laser pulses. For a detailed discussion of that experiment
see [60].

Figure 6a shows photoelectron spectra obtained from ion-
izing Na2 with up-chirped, unchirped and down-chirped laser
pulses at 620 nm. The chirped pulses were produced by in-
creasing or decreasing the optical pathway in a prism se-
quence (SF10) that is used to compress the pulses com-
ing out of the OPG to their transform limit of 40 fs. The

Fig. 6. a Electron spectra measured with single up-chirped (+3500 fs2),
down-chirped (−3500 fs2) and unchirped laser pulses. The transform-
limited pulses of 40 fs duration are centred at awavelength of 618 nm. The
chirped pulses are of 240 fs duration.b Calculated spectra using the same
parameters as above

upper and lower spectra in Fig. 6a were obtained with lin-
early chirped pulses (3500 fs2±500 fs2) which corresponds
to a pulse duration of approximately 240 fs. The ionization
yield is seen to double when the frequency order is switched
from blue first to red first in the exciting laser pulse. Note
that the up- and down-chirped pulses are identical in all
their pulse parameters, except for being reversed in time.
This indicates that the change in the electron spectra is in-
deed due to the phase modulation and not to other effects
such as different pulse durations or different intensity dis-
tributions. In order to better understand the experimental
results, we performed quantum-mechanical calculations fol-
lowing the method employed in [61, 62]. In these calculations
we included the electric field of a linearly chirped Gaussian
laser pulse in analytical form (see e.g. [63]). In accordance
with the experimental conditions (the laser beam was at-
tenuated appropriately) calculations were performed in the
weak-field limit taking into account theX 1Σg

+, A 1Σu
+ and

21Πg neutral electronic states and coupling the 21Πg state
to the discretized continuum of the ionic ground state2Σg

+
(Na+2 ). R-independent dipole-matrix elements were assumed
for all transitions. The calculated electron spectra depicted
in Fig. 6b qualitatively reproduce the measured results. In
addition, the population in the 21Πg state as a function of
time was calculated for both chirp directions, which is shown
in Fig. 7.

Since the Franck–Condon maximum for both theA 1Σu
+

← X 1Σg
+ state transition as well as for the 21Πg← A 1Σu

+
state transition is shifted towards the red of the central laser
wavelength, the up-chirped laser pulse transfers population to
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Fig. 7. Calculated temporal development of the population in the 21Πg state
during interaction with up- and down-chirped laser pulses (±3500 fs2). The
chirped-pulse profile is shown as adotted line

the excited states earlier, while a down-chirped laser pulse can
efficiently excite the intermediate states only with its trailing
edge. For the subsequent ionization process this temporal be-
haviour is essential. In order to achieve a high ionization yield
the population in the 21Πg state must be high at the maximum
laser intensity, which is achieved with up-chirped but not with
down-chirped laser pulses.

However, Fig. 7 also yields a very surprising result. The
total population transferred to the 21Πg state after the end of
the pulse is much larger for a down-chirped laser although
the ionization yield with this pulse is smaller. This is not due
to population transfer to the ionic ground state since in the
weak-field limit ionization does not (significantly) decrease
the neutral-state population. Rather a mechanism very simi-
lar to that observed in the experiments described in [54] is
responsible for this effect. A semiclassical argument based
on the difference-potential analysis is very illuminating for
the interpretation of this effect. When a chirped laser pulse is
used the photon energyhν is changing in time. For a down-
chirped pulse the decreasing laser frequency follows the de-
crease in the difference potential 21Πg− A 1Σu

+ as the ex-
cited A 1Σu

+-state wave packet propagates to larger internu-
clear distances (see Fig. 5 in the diabatic limit). Excitation
is classically allowed over a wider range of the nuclear co-
ordinate for a down-chirped laser pulse and thus the corres-
ponding final population in the 21Πg state is higher. With
the opposite chirp direction (up-chirp) on the other hand one
observes a higher ionization yield while the intermediate-
state population is kept low. This kind of optimization is
desired in coherent control schemes. Besides the strong chirp
dependence of the ionization yield observable in the elec-
tron spectra shown Fig. 6, a very different electron signal is
observed for unchirped 40 fs laser pulses compared to the
chirped laser pulses of 240 fs duration (3500 fs2). The short
laser pulse predominantly yields electrons with kinetic energy
of about 0.9 eV; the electron spectra obtained with the longer
(chirped) pulses are dominated by electrons around 0.8 eV.
This behaviour can again be understood in the picture of the
difference-potential analysis, this time for the transition from
the 21Πg state to the ionic ground state (see Fig. 1). Since
this difference potential is increasing with internuclear dis-
tance, the electrons released have less kinetic energy when

formed at the outer turning point of a wave packet prop-
agating in the 21Πg potential, compared to those formed
at the inner turning point (see Fig. 1). The duration of the
transform-limited 40 fs pulse is much shorter than the oscil-
lation period (approx. 370 fs) of the excited vibrational levels
of the 21Πg state, and therefore the wave packet has no time
to move to large internuclear distances during the laser in-
teraction. The up- and down-chirped laser pulses, however,
are of much longer duration, which allows the wave pack-
ets to sweep the whole range of allowed internuclear dis-
tances while ionization takes place. The resulting electron
spectra therefore extend to lower kinetic energies, which cor-
respond to the outer turning point where the wave packets
spend more time. Using pulses of different duration it is also
possible to influence the fragmentation of Na2 as discussed
in [60].

5 Conclusion

In this contribution we have demonstrated the potential of
femtosecond pump–probe photoelectron spectroscopy ap-
plied to the multi-photon ionization of the Na2 molecule for
the study of basic coherent control schemes. Mapping of vi-
brational wave-packet motion with high spatial and temporal
resolution is a key feature of this approach, which allowed
us to study a variety of one-parameter control schemes in
great detail. Based on this knowledge a comparison to re-
sults of feedback-optimized laser pulses applied to this sys-
tem will give insight into the composition of an automated
multi-parameter control scheme. Going to larger molecules,
control schemes on isomerization and energy-redistribution
processes can be studied using this method because of its sen-
sitivity both to structural and electronic changes in a molecule
upon excitation.
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