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Femtosecond pump-probe photoelectron spectroscopy:
Mapping of vibrational wave-packet motion
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Energy-resolved photoelectron spectroscopy in combination with femtosecond pump-probe and molecular
beam techniques are used to map molecular dynamics along the internuclear coordinate. The capabilities of this
method are demonstrated on the one-dimensional wave-packet motion on electronically excited states of the
sodium dimer: by recording transient photoelectron spectra in a pump-probe experiment we are able to follow
the molecular wave-packet motion on neutral electronic states along all energetically allowed internuclear
distances simultaneouslyS1050-294©@6)51312-0

PACS numbegps): 33.60—q, 33.80.Eh, 33.80.Rv, 31.70.Hq

The exceptional time resolution obtained with femtosec-netic photoelectron distribution resulting from direct ioniza-
ond laser systems is one necessary ingredient for the redion depends sensitively on the nuclear configuration.
time observation of molecular dynamics as vibrational waveTherefore it is ideally suited to follow the intermediate dy-
packet motion, direct dissociation, vibrational energy redishamics along all energetically allowed internuclear distances
tribution, isomerization, and internal conversion. For a redn a pump-probe experiment simultaneously. This advantage
view of these topics, see, for exampf&,2] and references Of time-resolved photoelectron spectroscopy has already
therein. In addition, a detailed analysis of molecular dynamPeen demonstrated in the picosecond time dorfibii-18.
ics requires well-defined initial and well-defined final states.!t €xhibits its full potential in the femtosecond regime as
To achieve well-defined initial states, supersonic moleculafTPortant molecular dynamicsee aboveare on this time
beams are widely used to prepare vibrationally and rotationSCa€- Recently femtosecond time-delayed photoelectron
ally cold molecules for femtosecond pump-probe studies Oﬁpectra on intramolecular vibrational redistributiddR) in
molecular dynamicg3—-6]. The final states detected in hexatriene have been reported].

b ; s h ften | I d Mapping a vibrational wave packet with the help of fem-
pUMpP-probe experiments, NOWEVEr, are often 1ess Well 0&,qqqqng pump-probe techniques and energy-resolved photo-
fined. Deriving dynamical information in femtosecond

) ) lectron spectroscopy was simulated by Meier and Engel in a
pump-probe experiments, for example, from laser-inducegheqretical publicatiof20]. This contribution is an experi-

fluorescencéLIF) detection can be complicated by the den-mental proof of the feasibility of this kind of experiment. We
sity of high-lying neutral electronic states usually excited byshow experimentally that energy-resolved photoelectron
the probe laser. This often leads to unknown Franck-Condogpectroscopy on a femtosecond time scale allows us to moni-
windows or to a reduced fluorescence yield due to predissqor the evolution of a vibrational wave packet along the in-
ciation processes. In comparison, the use of the ionic groungrnuclear distance in real time.
state for detection in femtosecond pump-probe experiments In comparison with another method, the zero kinetic en-
has several advantages: This state is stable and unperturbed)y (ZEKE) photoelectron spectroscopj21] detection,
and in addition mass and kinetic-energy selectivity in femto-which has already been extended from picosecond time
second time-resolved photodissociation experiments iscales[22] to femtosecond time resolutidi23,24], this ap-
achieved by detecting iong,8]. However, there may be a proach has a major advantage: a complete mapping of, for
loss of dynamical information if a large part of internuclear example, vibrational wave-packet motion can be achieved
distances is sampled, as, for example, when the probe lasefith a fixed probe laser wavelength, whereas to map the
energy reaches the dissociation limit of the ionic ground statevave-packet motion at different internuclear distances with
[9-11]. In order to resolve molecular dynamics on an inter-the ZEKE detection technique the probe laser has to be tuned
mediate state, sampling of only a small fraction of the inter{25].
nuclear distances is necessary. This can be achieved by tun- The experimental setup is described in detail in k26|
ing the probe laser to low vibrational levels of the ionic and will only be outlined briefly. To generate the femtosec-
ground state, especially if the equilibrium distances in neuond pulses at 618 nm for our experiments we used a home-
tral and ionic states are essentially differgti?], or by using  built Ti:sapphire oscillator combined with a modified com-
phase-sensitive pump-probe techniql3,14 that have re- mercial regenerative amplifier that delivered 90-fs, @aD-
cently been applied to study vibrational wave-packet motiorpulses of Gaussian shape at a wavelength of 790 nm and a
on theB state of Cs [6]. Note that by applying these tech- bandwidth of 22 nm(full width at half maximum with a
nigues the sampling region cannot be chosen arbitrarily. repetition rate of 1 kHz. These were converted into
In order to map molecular dynamics on neutral interme-transform-limited 40-fs, 2Q+J pulses at 618 nm for the
diate states not only on a limited small fraction of internu-pump-probe measurements by an optical parametric genera-
clear distances, we combine molecular-beam techniques witlor and a prism compressor. In a Michelson-type setup the
femtosecond pump-probe techniques and kinetic-energy phdveam was split into equal parts and realigned with a variable
toelectron detection. By the Franck-Condon principle the kitime delay between the two pulses. By weakly focusing with
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Na(3s) + Na* superposition of the vibrational levels=12-16, which cor-
respond to vibrational energy spacings ranging from 108.1 to
106.0 cni L. Two-photon excitation leads to preparation of a
wave packet at the inner turning point of théIIg state
potential, being composed of vibrational levels=15-23,
Na(3s) + Na(3d) which correspond to vibrational energy spacings ranging
X\\ from 91.2 to 85.9 cm®. In [3] it was found that the
A's" state wave-packet motion is reflected in the total
Na,” ion yield due to a resonance-enhanced ‘“direct”
Na(3s) + Na(3p) photoionization process via the 'Bl; state into the
Na,™ (X ZEJ) state at the inner turning point of the molecular
potential curves involved. In those experiments th%ﬂg
state wave-packet motion could only be detected in the Na
," and Na" fragment signal due to the excitation of a dou-
i bly excited neutral state of the Nanolecule near the outer
Na(3s) + Na(3s) turning point of the 2Hg state potential and its subsequent
decay channels as autoionizatigindirect photoionization
X's* and autoionization-induced fragmentati@;7]. Note that di-
T g T - 1 rect photoionization out of the 12Hg state into the
3 5 7 9 Na,"(X?% ) state cannot provide the dynamical informa-
R [A] tion on the wave packet prepared on this state when detected
by the total Na*-ion yield, since a large part of internuclear
FIG. 1. Excitation scheme of the experiment. The pump laser aflistances is sampled in a pump-probe experinigyit0].
618 nm prepares vibrational wave packets at the inner turning point However, by the detection of kinetic-energy-resolved
of the A 'S ¥ and 211, states of the sodium dimer. The difference photoelectrons this dynamical information can be obtained,
potential(Na,* — 2 'I;+2w; o is the photon energy, dashed llne because electrons of different kinetic energies are formed at
indicates that upon direct ionization out of théI2, state into the  different internuclear distances. In such a direct photoioniza-
Na,"X 23/ state the kinetic energy of the photoelectrons dependsion process the released kinetic energy of the photoelectrons
on the internuclear distance. The propagation of vibrational waveean be determined by a difference potential anal}/aj28|.
packet motion can therefore be monitored along the internucleaThe dashed line in Fig. 1 displays the difference potential
distance by. detecting energy-resolved photoelectrons in pump2§;;r (Na2+)—21Hg+2w, where w is the photon energy.
probe experiments. Within this concept, the expected photoelectron energy in
) ) . _ this photoionization process out of thé]ZIg state is decreas-
a 3(1)0-mm ?chromatlc lens, peak intensities of approximately,q yth increasing internuclear distance. At the inner turn-
1§\Mmywaem%mﬂ'nq%rmO@HWtmVWWMQmmuﬁmem&WdaweMNmmemdamm094
packet motion on the electronic states without coherently,y; 50 formed, whereas at the outer turning point photoelec-
coupling the electronic states in the intense laser fieldrong of about 0.78 eV are released. By recording transient
[26,27, we attenuated pump and probe lasers properly. Theyqtnelectron spectra we are able to probe molecular wave-
experiments were performed on a cold sodium moleculap,cket motion on neutral electronic states along all energeti-
bef‘”l- Na was produced vibrationally cold in its electronic ¢y allowed internuclear distances simultaneously. Note
X "%y ground state by expanding pure sodium from an oveRpat the autoionization processes of the doubly excited state
operated at 1000 K. A-metal shielded linear time-of-flight |ead to photoelectrons with less than 0.5 eV kinetic energy
(TOF) spectrometer was used for electron detection. When7] and are therefore separated from the electrons released in
ionized via different resonances by a ns laser, the sodiurhe direct photoionization process.
atoms in the beam produce several photoelectron peaks of |n Fig. 2 the measured TOF photoelectron distribution is
well-defined energies, which served to calibrate the specshown as a function of pump-probe delay. The TOF range
trometer. Its resolution is about 50 meV for electrons of ki'from 250 to 290 ns Corresponds to an energy interval from
netic energy in the range 0.8—1 eV. The calibration TOF1 2 to 0.6 eV of photoelectrons released. At earlier TOFs
spectra and the pump-probe spectra were recorded with ghotoelectrons with higher kinetic energies are released and
1-GHz, 2-gigasample digital oscilloscope and averaged oveherefore in our experiment smaller internuclear distances are
several thousand laser shots per time step. probed. Later TOFs correspond to photoelectrons with lower
The excitation scheme of the experiment is depicted irkinetic energies, which in this case are generated at larger
Fig. 1. Three photons at 618 nm are needed to ionize thiternuclear distances. The dynamics of vibrational wave-
Na, molecule from its neutral ground sta¥e'X  into its  packet motion on the neutral electronic states is beautifully
ionic ground state22;r . The dynamical aspect of this mul- resolved and can be followed in great detail along all ener-
tiphoton excitation has been investigated in this wavelengtlyetically allowed internuclear distances simultaneously. By
regime in detail with ion detectiof3]. Due to the spectral taking cuts along a constant TOF the dynamics at a specific
width of the 40-fs laser pulse and due to the Franck-Condointernuclear distance can be analyzed. The insets give two
principle one-photon excitation prepares a wave packet at thexamples. The power spectrum dens{SD of a fast-
inner turning point of theA 13 " state potential by coherent Fourier transformatioiFFT) is displayed for a “fast” pho-
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7 2 lHg state wave packet, to the fast photoelectron transient.
2T This Is why the frequencies of both wave packets are seen in
A's the “fast” FFT with almost equal PSD, whereas in the
"fast” “slow” FFT—resembling the dynamics at large internuclear

distances—the frequencies of the"IIg state wave packet

intensit . L
mensty dominate the spectrum. The small contribution of the

A '3 state frequencies in that FFT is attributed to the lim-
ited resolution of our spectrometer.

This experiment demonstrates that by means of transient
kinetic photoelectron spectroscopy a vibrational wave-packet
motion can be mapped simultaneously over a wide range of
internuclear distances. Therefore this method should be
suited to follow structural changes of molecules upon exci-
tation with an ultrashort laser pulse in real time. In cases of
monotonically decreasing or increasing difference potentials
between an intermediate state and the ionic ground state the
interpretation of the data is straightforward, as in the ex-
ample demonstrated here. Several exciting experiments can
now be performed directly. The detailed determination of the
quantum state of a wave packet from position probability
distributions measured during the wave-packet motion on the
potential[29] should be possible with this technique and it

FIG. 2. The measured time-of-fligit OF) photoelectron distri-  should be an alternative route to molecular emission tomog-
bution as a function of pump-probe delay is shown. This femtosecraphy[30]. The influence of phase-modulated laser pulses on
ond time-resolved photoelectron signal shows the vibrational wavethe evolution of vibrational wave packets can also be moni-
packet motion on the neutral electronic states. Cuts at a constaggred directly by this meang31,32. We performed single-
TOF reveal the wave-packet dynamics at a specific internucleapy|se experiments using phase-shaped femtosecond laser
distance. The insets display the Fourier transform of transient phopulses on this molecule in order to control the efficiency of
toelectron signals obtained at two different cuts. At an earlier TOF o multiphoton ionization process described H&@. Dy-
photoelectrons with higher kinetic energy are releaSeabt” pho- - hamica| aspects of high laser field effects in molecular phys-
. I " Y Scs, as, for example, above-threshold ionizatiéT!), are
at a later TOF the outer turning point is probed _and slow” pho- often difficult to investigate in an ion detection scheme. With
toelectrons are released. Consequently the Fourier transform of tqﬁe help of transient photoelectron spectroscopy we were re-
“fast” photoelectron transient reflects wave-packet motion in the lv able to follow the dvnamics of molecular AT in real
A’ and 2'I, state, whereas the Fourier transform of the cently a y
“slow” photoelectron transient reflects mainly the Wave-packett'me [34]. .
motion in the 211 state. In summary we have combined molecular-beam photo-

¢ electron spectroscopy with femtosecond pump-probe tech-
niques in order to follow structural changes in a molecule
upon excitation with an ultrashort laser pulse in real time
along the internuclear coordinge The one-dimensional
wave-packet motion on electronically excited states of the
sodium dimer has been chosen to demonstrate the capabili-
g’es of this method. We show experimentally that energy-
resolved photoelectron spectroscopy on a femtosecond time
scale allows us to monitor the evolution of vibrational wave
packets along the internuclear distance in real time.

PSD FFT PSD

toelectron transient, corresponding to a cut at 263snsall
internuclear distancegsnd for a “slow” photoelectron tran-
sient corresponding to a cut at 274 @large internuclear
distances Two frequency contributions can be seen in the
insets, one around 90 cmt and the other around 107
cm L. These are the frequencies of oscillating wave packet
in the 2'I1; andA 'S ] states, respectively. As stated above
the direct photoionization out of the 112[g state into the
Na,*(X ?X ) state does indeed provide the dynamical infor-
mation on the wave packet prepared on this state when de- We would like to thank G. Gerber and V. Engel for help
tected via kinetic-energy-resolved photoelectrons. Accordin@gnd fruitful discussions. Help from M. Bergt and D. Woess-
to the excitation scheme, at the inner turning point thener in handling large data files is gratefully acknowledged.
A 13! state wave packet contributes, in addition to theThis work was supported by the DFG.
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