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Abstract. Kinetic energy time-of-flight (KETOF) mass spectroscopy in combination with femtosecond
pump-probe and molecular beam techniques is used to map molecular dynamics along an internuclear
coordinate. By recording transient KETOF mass spectra we monitor the vibrational wave-packet motion
on a neutral electronic state for all possible internuclear distances simultaneously. The power of this method
is demonstrated by the one dimensional wave-packet motion on the 2' X double minimum state of the
sodium dimer. For comparison with the experiment quantum mechanical simulations were performed.

PACS. 33.80.-b Photon interactions with molecules — 39.30.4+w Spectroscopic techniques —
31.70.Hq Time-dependent phenomena: excitation and relaxation processes, and reaction rates —
82.50.Fv Photolysis, photodissociation, and photoionization by infrared, visible, and ultraviolet radiation

In recent years femtosecond laser spectroscopy has be-
come a standard tool for time-resolved studies of molec-
ular processes (for a review on this topic see for example
[1,2] and references therein). Pump-probe-experiments
have opened up the opportunity to study molecular dy-
namics in real time. However, the real-time observation of
structural changes in a molecule is still a challenging task.
Approaches using ultrafast electron diffraction [3] or ul-
trafast X-ray diffraction [4,5] are experimentally rather
demanding. On the other hand standard pump-probe
techniques using for example detection of laser-induced
fluorescence [6,7], ionization mass spectroscopy [8,9] or
zero kinetic energy electron (ZEKE) spectroscopy [10,11]
limit the observation of molecular dynamics to a small
range of internuclear distances. This is because narrow
Franck-Condon windows for electronic transitions have to
be used in order to assign the detected signal to the cor-
responding internuclear distance. If there is, however, an
additional experimental parameter directly corresponding
to the internuclear distance of laser induced transitions,
the detection of nuclear motion is feasible over a wide
range of internuclear distances. Such a desired parameter
is for instance the energy of the photoelectrons released
in a molecular ionization process as proposed by Seel and
Domcke [12] and applied to Nay by Meier and Engel [13].
This correspondence has been demonstrated in a recent
publication [14], where femtosecond pump-probe photo-
electron spectroscopy was employed to map the molecular
wave-packet motion in the 2! 17, state of the sodium dimer
over the whole range of possible internuclear distances.
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Extensions of this technique to polyatomic molecules have
recently been reported [15-17]. Besides the photoelectron
energy also the kinetic energy of the fragments generated
in molecular dissociation processes can serve to determine
the internuclear distance of laser induced transitions. The
basic idea is, that in a direct photoionization process onto
a repulsive state the kinetic energy of a fragment corre-
sponds to a specific internuclear distance. Therefore it is
possible to map the vibrational wave-packet motion over
the whole range of possible internuclear distances by mea-
suring the dependence of the fragment ion energy distri-
bution on the delay-time between the two laser pulses in a
pump-probe-experiment. This technique has already been
used in the Coulomb explosion experiments by Stapelfeldt
et al. [18], in which strong laser fields are employed to pro-
duce doubly charged ions. In contrast to this experiment
we use as dissociative molecular states low-lying singly-
charged repulsive ionic states. In general using low-lying
ionic states for detection has several advantages. These
states are accessible in relatively weak laser fields and at
small internuclear distances. Additionally they are stable
and unperturbed and their potential curves are often well-
known. Furthermore charged particles are detected very
efficiently and there are relaxed selection rules for ionizing
(bound-free) transitions compared to bound-bound tran-
sitions [19,20]. The kinetic energy of the ionic fragments
in our experiment is determined by kinetic energy time-
of-flight mass spectroscopy (KETOF) [21], which has the
additional advantage of mass-selectivity. This technique
was first employed in combination with fs single-pulse
excitation to study the different ionization mechanisms
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in resonance enhanced multiphoton ionization (REMPI)
of the sodium dimer [22]. Pump-probe experiments in
combination with the KETOF technique were initially
used to detect different pathways of dissociation in
IHgl [23].

The experimental setup is described in detail in refer-
ence [24] and will only be outlined briefly here. We used
a home-built Ti:sapphire oscillator combined with a mod-
ified commercial regenerative amplifier to generate 90 fs,
800 uJ pulses at a wavelength of 790 nm with a repeti-
tion rate of 1 kHz. These pulses were frequency converted
into pulses at 683 nm by an optical parametric generator
and decompressed to 60 fs by a prism compressor. In a
Michelson type setup the laser beam was split into two
equal parts with a variable time delay between the two
laser pulses. Then the 60 fs laser pulses were frequency
doubled with a 100 gm BBO crystal to obtain laser pulses
of 341.5 nm wavelength. In order to avoid strong field
effects [25,26] we attenuated the pump and probe laser
pulses properly. The experiments were performed on Nas
which was produced vibrationally cold in its electronic
X! 2; ground state by supersonic beam expansion of pure
sodium. A linear time-of-flight (TOF') spectrometer was
used for ion detection.

In our experiment we map the molecular vibrational
wave-packet dynamics in the 2'X:7} double minimum
state of Nag. We have chosen this state as intermedi-
ate state in our KETOF pump-probe experiment because
the intrinsic potential barrier of the 2'XF state influ-
ences the wave-packet motion. The 2! X" state of Nag
was theoretically predicted by Valance and Tuan [27]
and was experimentally confirmed by Cooper et al. [28].
Further investigations with ns laser REMPI techniques
by Delacrétaz and Woste [29] and by Haugstétter et al.
[30] followed. In a previous fs time-resolved study of vi-
brational wave-packet motion on this state we demon-
strated that high resolution frequency spectroscopy with
spectrally broad fs laser sources can be performed [31]. A
theoretical publication concerning the mapping of a vibra-
tional wave-packet propagating in this state by photoelec-
tron spectroscopy has appeared recently [32].

The excitation scheme given in Figure 1 shows that the
transition onto the repulsive ionic 2X:"(NaJ ) state of the
sodium dimer ion requires two photons at a wavelength
of 341.5 nm with the 2! ¥ double minimum state as res-
onant intermediate state. By absorption of a first pump
photon a wave-packet will be generated at the inner turn-
ing point in the 2! X double minimum state due to coher-
ent superposition of a number of vibrational eigenstates
(v' =36 to v = 41 for a 60 fs pulse at 341.5 nm). Except
at very small internuclear distances a transition onto the
repulsive ionic 23, (Nag) state is possible by absorption
of a second photon out of the time delayed probe-pulse. In
such a direct photoionization process the kinetic energy of
the fragment ions can be determined by a classical differ-
ence potential analysis [33,34]. A quantum mechanical de-
scription for a similar continuous wave excitation problem
can be found for example in reference [35]. The difference
potential 22 (Naj) — 2! X (Nag) + hv (dashed line in
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Fig. 1. Excitation scheme of the experiment. The pump-laser
at 341.5 nm generates a vibrational wave-packet at the inner
turning point of the 2' X double minimum state of the sodium
dimer. The difference potential (? 2, (NaJ)—2' 2 (Nag)+2hv;
hv is the photon energy; dashed line) shows that upon direct
ionization out of the 2'X;" double minimum state into the
2y 7+ (Naj) state the released kinetic energy of the fragment
ions (Na™) depends on the internuclear distance. Therefore it
is possible to map the vibrational wave-packet motion over the
whole range of allowed internuclear distances by measuring the
fragment kinetic energy distribution in a pump-probe experi-
ment.

Fig. 1) onto which the transition proceeds shows that the
released kinetic energy of the fragment ions depends on the
internuclear distance where the ionization takes place and
decreases with increasing internuclear distance. Therefore
a direct correspondence between fragment kinetic energy
and internuclear distance exists. Thus, a measurement of
the dependence of the fragment kinetic energy distribu-
tion on the pump-probe delay-time maps the wave-packet
evolution along the internuclear distance in real time.
Since the excitation X 'XF — 215 is a '3 tran-
sition, the electronic dipole matrix element is parallel to
the molecular axis. In our experiment the polarization of
the laser is parallel to the TOF axis. Thus the molecules
in the 2! X} state are oriented with a cos? ¥ distribution
along the time-of-flight axis. In energy resolved time-of-
flight mass spectroscopy a fragmentation of molecules with
this angular distribution leads to a typical two peak struc-
ture in the measured TOF distribution [21]. The peak
at earlier TOF's belongs to ions which are produced with
an initial velocity component along the direction towards
the detector and the peak at larger TOF's belongs to ions
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Fig. 2. Dependence of time-of-flight (TOF) fragment ion dis-
tributions on the pump-probe delay-time. Larger TOF differ-
ences correspond to higher fragment energies and therefore
to smaller internuclear distances, whereas smaller TOF dif-
ferences correspond to smaller fragment energies and therefore
to larger internuclear distances. The temporal development of
the wave-packet is mapped over the whole range of allowed
internuclear distances.

with an initial velocity component pointing away from the
detector. In our case the distribution of dissociating frag-
ments might be modified by an anisotropy of the dipole
matrix element for the ionization step. Nevertheless the
maximum time-of-flight difference between the fragments
ejected in direction to the detector and in the opposite
direction yields quantitative information on the fragment
kinetic energy. The higher the released kinetic energy the
larger is the difference of time-of-flights between the two
fragment peaks. In our case larger time-of-flight differ-
ences and therefore higher kinetic energies correspond to
smaller internuclear distances (see Fig. 1). The experimen-
tal result is depicted in Figure 2. For each step of 20 fs
in the pump-probe delay-time a total of 3000 TOF spec-
tra was recorded and added. Additionally an averaging
along the TOF axis was performed. The TOF difference
between the ions ejected in direction to the detector and
those ejected in the opposite direction has a maximum of
0.34 ps which corresponds to a maximum fragment kinetic
energy of 1.35 eV for the used extraction field of 33 V/cm.
This is in good agreement with the value of 1.38 eV ob-
tained from the difference potential analysis. The time-
evolution of the wave-packet is beautifully resolved. The
wave-packet starts at the inner turning point of the po-
tential and moves outward, turns around, moves back in,
turns again and so on. The signal decreases at small inter-
nuclear distances, i.e. large time-of-flight differences. This
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Fig. 3. Calculated temporal development of the wave-packet
in the 2' X7 double minimum state of the sodium dimer. The
wave-packet was generated by a 60 fs pump-pulse at 341.5 nm
out of the Xlzj ground state.

is due to the fact that the repulsive ionic 23 state cannot
be reached by the absorption of one photon of 341.5 nm
out of the 2! 7 double minimum state at very small inter-
nuclear distances for energetic reasons. Note that the peak
at 3.71 us, which corresponds to a fragment kinetic energy
of 0 eV, does not originate in molecular processes but is
due to REMPI ionization of atomic sodium contained in
the molecular beam.

For comparison with the experiment quantum mechan-
ical perturbation theory calculations were performed in
which the temporal development was calculated with the
split-operator-technique [32,36]. In Figure 3 the calculated
wave-packet dynamics in the 2! % double minimum state
at a wavelength of 341.5 nm is depicted. Figure 4 shows
the calculated fragment ion energy distribution. On the
basis of the experimentally known spectrometer calibra-
tion (i.e. the relation between fragment kinetic energy and
TOF) the calculated fragment ion energy distribution was
transformed into TOF spectra. The result for our experi-
mental parameters is shown in Figure 5. Note that a com-
pression of the wave-packet at the barrier of the 21X+
state occurs but it is difficult to distinguish in the TOF-
spectra from contributions due to the nonlinearity of the
difference potential between the 2X} (Nag ) state and the
213+ state. The numerical results are in good agreement
with the measurement except for the minor differences dis-
cussed below. The different resolution in the simulation
and the experiment is due to the fact that an averaging
had to be performed on the experimental data to present
them appropriately. At delay-times around At =0 when
pump and probe laser pulse overlap in time, the calcu-
lation does not fully reproduce the measurement. This is
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Fig. 4. Calculated fragment ion energy distribution for the ion-
ization due to the interaction of a 60 fs probe-pulse at 341.5 nm
with the wave-packet depicted in Figure 3.

because on the one hand in the calculation interference
effects between the two laser pulses were not taken into
account and on the other hand in the experimental setup
the frequency doubling crystal used to produce pulses at
341.5 nm was put after the pump-probe delay-line. This
leads to a higher yield of 341.5 nm light and thus to a
higher ionization yield when pump and probe laser overlap
temporally. Furthermore the peak at 3.71 us, originating
in REMPI ionization of atomic sodium, can of course not
be reproduced by the simulation.

In summary we have combined molecular beam ki-
netic energy time-of-flight mass spectroscopy with fem-
tosecond pump-probe techniques in order to follow struc-
tural changes in a molecule upon excitation with an
ultrashort laser pulse in real time along an internuclear
coordinate. The one dimensional wave-packet motion on
the 21 2 double minimum state of the sodium dimer has
been chosen to demonstrate the power of this method.
The comparison of Figures 2 and 5 clearly shows that
the measurement beautifully maps the propagation of the
wave-packet over all internuclear distances. In contrast
to conventional time-resolved photoelectron spectroscopy
this method to map molecular dynamics is mass-selective.
Compared to the Coulomb explosion technique, it requires
a weaker laser intensity and the interaction process with
the probe laser is in most cases better understood.
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Fig. 5. The TOF ion spectra were calculated on the basis
of the simulated fragment ion energy distribution depicted in
Figure 4. The numerical results correspond very closely to the
experimental results shown in Figure 2.
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