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Control of wavepacket dynamics in mixed alkali metal clusters
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Abstract. We have performed adaptive feedback optimization of phase-shaped femtosecond laser pulses to
control the wavepacket dynamics of small mixed alkali-metal clusters. An optimization algorithm based on
Evolutionary Strategies was used to maximize the ion intensities. The optimized pulses for NaK and Na2K
converged to pulse trains consisting of numerous peaks. The timing of the elements of the pulse trains
corresponds to integer and half integer numbers of the vibrational periods of the molecules, reflecting the
wavepacket dynamics in their excited states.

PACS. 82.50.Nd Control of photochemical reactions – 82.33.Fg Reactions in clusters – 82.53.Eb Pump
probe studies of photodissociation

1 Introduction

The dynamics of small alkali metal clusters has inten-
sively been studied by pump-probe technique in the last
decade [1]. In the transient spectra of the homo- and
heteronuclear sodium and potassium dimers pronounced
oscillatory structures were detected. They could be ex-
plained by the wavepacket propagation in coherently ex-
cited bound states [2]. The mixed trimer spectra, how-
ever, are almost all dominated by an exponential decay
with time constants of a few ps [3,4]. This fragmenta-
tive behaviour of the excited states indicates the presence
of dissociative and predissociative states. In some cases
oscillations superimposed on the exponential decay were
recorded, indicating the survival of coherent motions dur-
ing the fragmentation. Thus an active manipulation of the
photofragmentation channels acting on the wavepacket
dynamics becomes possible. In the last two decades a great
theoretical effort was made in order to control molecular
dynamics evoked by irradiation of designed laser fields.
Different schemes have been established. The concept of
“coherent control” by Brumer and Shapiro drives uni-
molecular reactions by controling the relative phase of
cw-lasers of different energy [5,6]. In the “pump-dump”
approach proposed by Tannor, Kosloff and Rice [7,8] the
pump pulse creates a wave packet in the excited state,
which is subsequently dumped by the second pulse into
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the dissociation channel of the ground state potential.
Optimal control theory was demonstrated by Rabitz and
coworkers [9–12] to predict arbitrary pulse forms, which
drive the wave packet into the desired product channel.
Pulse forms were calculated in a “trial-and-error” fash-
ion, using optimization algorithms in order to converge
to the objective. With the development of computer con-
trollable pulse shaping techniques [13] Judson and Rabitz
suggested adaptive feedback optimal control (AFOC) [14].
Non-deterministic optimization algorithms were proposed
to find the optimal laser field in the laboratory without
any knowledge of the Hamiltonian. In first experiments by
Assion et al. [15] photoionic product ratios in the exponen-
tial decay channels of organo-metallic complexes were op-
timized. An open and important question is the informa-
tion content about the evoking processes being dechiffred
in the optimized laser field. AFOC experiments with small
mixed alkali metal clusters are presented for two reasons:
First they are photo-dissociative systems, which exhibit
oscillatory wavepacket features during the fragmentation.
Secondly, cluster beams offer the possibility to distinguish
between the fragmentation and the ionization process. If
fragment ion yields are optimized, generally both pro-
cesses are involved in an unknown sequence. If however,
the cluster beam does not contain clusters of higher mass
than the ionic product, only the ionization is optimized.
These comparisons are still under way and will be given in
a subsequent publication. In this paper we present adap-
tive feedback control of transient multiphoton ionization
and fragmentation of the alkali metal clusters NaK and
Na2K by optimally phase-shaped fs pulses.
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Fig. 1. Scheme of the adaptive feedback optimization setup.
A selflearning algorithm controls the pulse shaper in order to
maximize the ion yield.

2 Experimental setup

The alkali metal clusters are produced in an adiabatic ex-
pansion of alkali steam through a nozzle of 70-µm diam-
eters. The cluster size distribution depends on the alkali
oven temperature and on the pressure of the argon used as
carrier gas. The oven is heated to temperatures between
650 and 800 ◦C, and the argon pressure ranges between
2-4 bars. Details of the mixed alkaline cluster production
can be seen elsewhere [16]. The alkali clusters are excited
and ionized by a tunable fs laser beam and detected with
a quadrupole mass spectrometer (Balzers QMG 420). We
use a TiSa Oscillator (Spectra Physics 3960 Tsunami)
pumped by a Nd:YLF laser (Spectra Physics Millenia X)
with a repetition rate of 80.6 MHz, 1.8 W laser power
and pulse durations of 80 fs at a center wavelength of
770 nm. Maximization of the ion yield is realized by shap-
ing the form of the fs-pulses. The ion yield is taken as feed-
back in a non-deterministic optimization algorithm based
on Evolutionary Strategies. The pulse forms presented in
this paper are analyzed by intensity cross-correlation and
SHG FROG [24]. To obtain phase and amplitude from the
FROG trace phase retrieval algorithms based on general-
ized projections and genetic algorithms are used [25].

2.1 Pulse shaper

With a programmable pulse shaper system pulse forms
of arbitrary temporal intensity and phase can be created
[13,17,18]. The heart of the system is a spatial light modu-
lator (SLM) consisting of 2 liquid-crystal arrays of 128 pix-
els each, and 2 polarizers. The SLM is placed in the Fourier
plane of a linear zero dispersion compressor [19], which
consists of 2 gratings (1200 l/mm), and 2 cylindrical lenses
(f = 200 mm). The gratings disperse and recombine the
spectrum of the pulse, the lenses focus the spectral compo-
nents on the Fourier plane. By applying voltages on each
pixel independently, variable phase shifts and attenuation
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Fig. 2. Maximization of the ion yield for (a) NaK+ and (b)
Na2K+. The algorithm starts with random pulse forms and it-
eratively increases the ion yield. The arrows indicate the ion
yield obtained with a transform-limited pulse of the same en-
ergy.

of the spectral components of the pulse can be achieved.
Pulses of 70 fs duration and 8.5 nm FWHM at a central
wavelength of 770 nm are used.

2.2 Evolutionary strategies

The optimization algorithm finds the optimal pulse form
for maximal ion yield by iteratively writing phase pat-
tern onto the SLM according to the experimental feed-
back. A requirement for the optimization algorithm is
to find global solutions in very high dimensional search-
ing spaces. Additionally, the algorithm needs to be ro-
bust against experimental noise. It has been shown by
Rabitz et al., that indeterministic, random search strate-
gies like Genetic Algorithms (GA) or Evolutionary Strate-
gies (ES) are a good choice especially for experimental
systems with high noise in the output side [20]. In this ex-
periment we photoionize clusters within a molecular beam
and use Evolutionary Strategies as the optimisation algo-
rithm [21–23]. Evolutionary Strategies mimic the biolog-
ical evolution. They employ operations like “cross-over”,
“mutation” and “survival-of-the-fittest”. ES always try a
number of possible solutions (called “individuals”) until
they proceed to the next iteration (“generation”). This en-
semble of individuals is called “population”. In the begin-
ning of the cycle 10 parent individuals are created. Each
individual is represented by an array of 128 random num-
bers between 0 and 2π, which specify the spectral phase
shift. When sent to the modulator, a certain pulse shape
is formed from a bandwidth-limited pulse. The cross-over
operation creates 15 pairs of new individuals creates from
randomly chosen pairs of parent individuals by randomly
distributing their array elements between them. Thereby a
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Fig. 3. Comparison of mass spectra obtained with a transform-
limited pulse (a) and with the optimized pulse from Na2K+-
yield optimization. The insets enlarge the NaK+ peaks. The
energies of the used pulses are equal in both cases.

population of 30 individuals is formed. Each array element
is then altered by adding a random number (“mutation
leap”) from a Gaussian probability distribution. This op-
eration is called “mutation”. The whole population is sub-
sequently tested by recording the ion yield for each mod-
ulator setting. Only those 10 pulse shapes, which produce
the highest ion yield are selected (survival of the fittest)
and are taken as parents for the next generation. The op-
timization procedure proceeds until convergence of the ion
yield is achieved. While cross-over operations only avoid
the algorithm from getting trapped in a local minimum,
mutation is the search operator. The mutation leap has to
be set to the individual problem, which is accomplished
by self-adaption.

3 Results and discussion

Figure 2 shows a typical trajectory of the ion yield of (a)
NaK+ and (b) Na2K+ during the optimization process.
The pulses of the first generation have random phases.
Consequently the pulses are very long and the ion signals
weak. As the generations proceed, the algorithm enhances
the ion signals by optimizing the phase of the laser pulse.
Maximal gain was obtained after 65 and 145 generations
for NaK+ and Na2K+, respectively. While the trajectories
and the number of generations needed to achieve conver-
gence varied, the maximal yields were found to be almost
the same. The ion yield gained with a short pulse is indi-
cated in figure 2 with an arrow. For Na2K the gain exceeds
this level already after a few generations. This is shown in
more detail in Figure 3. Two mass spectra of the mixed

Fig. 4. Optimized pulse shapes for producing a maximum
yield of (a) NaK+ and (b) Na2K+. In (a) the pulse intensity
is shown (circles) along with the temporal phase φ(t) (dotted
line) and the chirp (triangles). In (b) the cross correlation trace
of Na2K+ is plotted.

alkali cluster ions are shown, recorded with (a) a trans-
form limited pulse and (b) the shaped pulse optimized
for Na2K+ under the same experimental conditions and
with the same laser power. As can be seen in figure 3,
the intensity of the target cluster ion Na2K+ is enhanced
by nearly a factor 3 compared to the reference spectrum.
The K+ peak decreases strongly while the Ar+ intensity
stays constant. The inset of figure 3 shows the NaK+ peak.
Compared with the transform-limited pulse, the pulse op-
timized for Na2K+ reduces the NaK+ yield by about 40%.
In the case of NaK, the optimization yields an enhance-
ment of approximately 45%, compared with the reference
spectrum, as indicated in Figure 2. The expansion condi-
tions of the molecular beam were set as to produce more
NaK and less higher clusters. Feedback optimized pulse
shaping leads to a pronounced enhancement of ionic prod-
ucts. In the following the question will be addressed, if the
pulse form leading to enhancement is carrying information
about the physical processes involved.

3.1 NaK

In Figure 4a the pulse form of NaK+ maximization is
shown. From SHG FROG analysis a sequence of 3 pulses
was retrieved. The central peak is about 70% higher than
the other two and separated by ∆t = 690 (±20) fs and
∆t = 440 (±5) fs, respectively. The leading pulse in Fig-
ure 4a is considerably longer than the other two. Cross-
correlation measurements indicate the time ordering of
the pulse elements. Analysis of the temporal phase φ(t)
of the pulse train reveals 4th order contribution in the
first pulse and third order contributions in the others. The
first derivative ∂φ(t)

∂t gives the carrier frequency of the laser
field. If φ(t) is of higher order, the carrier frequency is time
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Fig. 5. Fs-pump-probe spectra of (a) NaK+ and (b) Na2K+.
For NaK+ an oscillation period of 440 fs is obtained. In (b) the
oscillatory component reveals a period of 500 fs for Na2K+.
The exponential decay has been subtracted for clarification.

dependent, i.e. the pulse is chirped. In the lower part of
figure 4a, the time dependent wavelength is plotted. The
left pulse shows cubic down chirp, the other two quadratic
down chirp. The intensity profile of the pulse train can
be understood in the viewpoint of wave packet propaga-
tion. The pump-probe spectrum of the excited 1A+-state
of NaK at λpump = λprobe = 770 nm reveals clear oscil-
lations with a period of ∆t = 440 fs (Figure 5a). The
temporal separation between leading and central pulse of
the optimal pulse form equals the duration of 1.5 oscilla-
tion periods in the pump-probe spectrum, while the other
separation matches 1 oscillation period. The wavepacket
is excited by the laser pulse in the inner turning point of
the excited potential energy surface (PES). The second
pulse hits the molecule after half integer oscillation peri-
ods. The wavepacket has propagated to the outer turn-
ing point of the PES, where the Franck-Condon factor
for resonant 2-photon ionisation is higher [26]. The third
pulse hits the molecule after another oscillation period,
when the wavepacket is again located at the outer turn-
ing point of the PES. The intensity profile of the three
pulses support the one-photon excitation and two-photon
ionisation scheme. Due to anharmonicity of the poten-
tial energy surface the wavepacket disperses, leading to
a smaller ionisation efficiency from the excited state. We
find the first pulse stretched in time and down-chirped of
third order. Down-chirped pump pulses can compensate
for wavepacket dispersion. The blue spectral components

excite vibrational levels of smaller spacing first, before
higher frequencies are excited by the red components.

3.2 Na2K

A cross-correlation trace of the pulse form after optimiza-
tion of Na2K+ is shown in Figure 4b. It consists of three
main peaks separated by 330 and 600 fs respectively, and
two low-intensity peaks with a separation of about 500 fs.
The first main pulse is about 60% lower than the other
pulses. The interval between the first two pulses is about
half the interval of second and third pulse. The first sepa-
ration corresponds to 0.65 oscillation periods of the elec-
tronically excited trimer, and the interval between second
and third pulse amounts about 1.2 oscillation periods (see
the fs-pump-probe spectrum of Na2K in Figure 5b). The
separation to the weak pulses equals exactly the oscillation
period. Vajda et al. have measured pump-probe multipho-
ton ionization spectra of Na2K in the wavelength region
between 730 and 790 nm [16]. They have found an oscilla-
tory behaviour at the wavelength of 770 nm with a period
of about 500 fs superimposed on a predissociation decay.
As in the case of NaK, the oscillation is most likely due
to the vibration of the excited Na2K because the ion in-
tensity reflects the time-dependent Franck-Condon factors
between the excited and the ionization potentials. Like
in the case of NaK, the three-pulse sequence can be ex-
plained as a pump pulse, which excites the trimer and cre-
ates a wave packet, and subsequent ionizing pulses, being
timed with the wave packet located at the Franck-Condon
favoured outer turning point. A detailed calculation on the
wavepacket dynamics of alkali metal clusters is needed for
the complete understanding of the pulse form, including
the time mismatch of the main peaks and the contribution
of the weak pulses.

4 Conclusion

We performed an adaptive feedback optimal control exper-
iment on NaK and Na2K clusters in a molecular beam. Op-
timization was achieved by enhancing the photoion yield
of NaK+ and Na2K+ by various magnitudes. The analy-
sis of the optimized pulses show that the maximum inten-
sity of the ion signals are obtained by a train of a few
pulses separated by several vibrational periods. On
complex surfaces of rather big molecules, solutions of
non-intuitive forms are expected. In this experiment a
system of intermediate complexity was chosen, where
coherent dynamical behaviour could be observed. The
feedback optimized solutions are partially understandable
from the viewpoint of the wavepacket oscillation found in
previous fs-pump-probe measurements. Multiphoton ion-
ization and fragmentation are strongly enhanced by con-
trolling the wavepackets of excited states according to the
time dependent Franck-Condon-windows.
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