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A computer simulation of an experiment allowing for monitoring of vibra-
tional motion of the wave packet in the Na2 molecule is presented. The
experiment is based on pump and delayed probe excitation followed by ob-
servation of laser-induced fluorescence.
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Introduction

A basic difference between macro and micro-objects is in a density of their
energy levels. The levels of a typical clock pendulum swinging with a frequency
of 1 Hz are separated by approximately 10 -10 cm-1 . No amount of mechanical
energy can be transferred to the pendulum with such an accuracy and there is no
certainty which particular energy level is occupied by the system. In consequence,
the pendulum should be described by a superposition of a great many eigenfunc-
tions and their interference produces a wave packet. It is well localized in space
and its centre moves classically, according to our everyday experience.

The energy levels of micro-objects are located much more closely. For ex-
ample, vibrational levels in most electronic states of the thoroughly studied Nat
molecule are separated by about 100 cm -1 . This facilitates excitation of a well-de-
fined molecular eigenstate which can be described quantum-mechanically by a
single wave function. However, a recent availability of ultra-short optical pulses
has changed the experimental possibilities. The finite duration τ of a femtosecond
laser pulse produces a frequency bandwidth which corresponds to a spectral width
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of Δω≈ 2π/τ, being of the order of several hundred cm -1 . When such a pulse is
used to excite a molecule to the excited electronic state, many vibrational levels
will be simultaneously and coherently excited. This imposes a classical behaviour
upon the molecule, corresponding to the motion of two masses connected by a
spring. If the spatial distribution of the vibrational wave function at the end of
the pulse is calculated, it is found that the short pulse has excited a well-defined
wave packet, concentrated in a relatively small range of internuclear distances R.
This wave packet evolves following the classical trajectory limited in space by the
classical turning points.

In recent years the spatially localized wave packets have been investigated
in two types of quantum systems. In Rydberg atoms coherent superpositions of
atomic states were excited, resulting in wave packets localized either in radial or
angular coordinates [1-5]. The fundamental concern of these studies was to un-
derstand the transition between classical and quantum physics. However, practical
application of the Rydberg atom wave packets seems to be questionable. The other
system of concern were molecules and vibrational wave packets, already mentioned
above [6,7 and references therein]. In this case the interest in molecular states with
well defined R was motivated by their potential applications in laser chemistry.
Several processes as electronic excitation, photo-dissociation or collisional redis-
tribution, are known to depend strongly on internuclear distance and the ability
to control the R value in a molecule may provide a way of enhancing a desirable
process out of several competing ones.

In this study we present a computer simulation of an experiment allowing
one to monitor vibrational motion of the wave packet created in the Na t molecule.
The wave packet is excited by the femtosecond laser pulse and probed by a second
ultra-short pulse which further excites the molecule. Both pulses originate from
the same laser which provides all practical advantages of one-colour experiment.
The intensity of the subsequent laser-induced fluorescence depends on time delay
between two pulses and reflects time evolution of the wave packet.

The preliminary analysis [8] dealt with a twocolour experiment and sug-
gested another way to monitor the wave packet motion. Additionally, it was par-
tially based on approximate theoretical potential curves for the Na 2 molecule. The
present work employs solely the accurate potentials determined experimentally.
An analysis of conditions required for the future experiment is also given.

The model experiment

We assume the following conditions for the model experiment. Let us consider
a crossed laser beam — molecular beam experiment. The dye laser with 630 nm
central wavelength produces Fourier limited Gaussian pulses of 50 fs duration
(spectral width of about 600 cm -1 ) and repetition rate less than 30 MHz. The
train of pulses is split by a 50% beam splitter into a pump beam and suitably
delayed probe beam. The pump beam excites Na t molecules from the υ" = 0
vibrational level in the ground Χ1Σ+g state to several vibrational levels in the
A1Σ+u state centred around v' 10 and creates a wave packet oscillating between
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the classical turning points in this state. The probe beam transfers the excitation
to the (2) 1Πg Rydberg state with efficiency depending on the spatial position of
the wave packet. Excitation of other molecular Rydberg states by the probe pulse
is highly non-resonant and will be neglected in further analysis. Population of the
(2) 1Πg state is monitored by observation of the spontaneous fluorescence (2) 1Πg →
B 1Πu, perpendicularly to the laser and molecular beams. The fluorescence light
of this particular transition has the wavelength in the range of 790-1400 nm and
is selected by a long-pass filter opening at about 800 nm. The filter blocks both
the (2) 1 Πg → A1 Σ+u and the A1 Σ+u → Χ1  Σ+g fluorescence centred around the
laser wavelength as well as any atomic fluorescence excited by spectral wings of
the laser line. The fluorescence signal transmitted by the filter is detected by a
photomultiplier and recorded as a function of the delay time between the pump
and probe pulses.

Method of calculations

In a pump-probe pulse experiment considered here the duration of the pump
pulse is shorter than the vibrational period. Therefore it creates a non-stationary
wave packet and the probe pulse measures the optical absorption of the non-sta-
tionary system. The electric field of the laser pulses is written in the form:

with i = 1, 2 denoting the exciting and probe pulses, respectively. Ε0i(t) are the
pulse envelopes, both assumed to be Gaussian with the same width. The pump
pulse is peaked at t = 0 and the probe pulse at t = t0. The symbol e denotes the
polarization vector of the electric field and ω is the angular frequency.

In the presently considered experimental arrangement Nat molecules are pre-
pared in the lowest vibrational level |0 > of the ground Χ 1Σ+g state. We set the
energy of this level to zero in the energy scale.

We find the time-dependent wavefunction |ΨA (t) > of the molecule in the
intermediate Α1Σ+u state after the excitation using the perturbation theory ap-
proximation. It has to be taken into account that the time duration of the pump
pulse is not negligible in comparison to the vibrational period. To deal with the
problem numerically, we introduce the discrete variable nτ, where n is an integer
and τ is a small time step. The function |ΨA(t) > is a sum of amplitudes, each
representing the state of the molecule at a time t if the photon was absorbed at
nτ. The state |ΨA(t) >, being a sum of several wave packets, is often called a wave
train [9] and is given by

Here μAX is the electric dipole transition moment for the Α 1 Σ+u ←X1Σ+g tran-
sition in Nat and |a > are the stationary wavefunctions of the vibrational levels
with energies εa in the intermediate Α 1 Σ+u state.
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The second, probe pulse excites the (2) 1Πg ← Α1 Σ+u transition and generates
a wave train in the (2) 1Πg state, which is, for t > t0,

In the above |r > and εr are the wavefunctions and energies of vibrational levels
in the (2) 1Πg state and the amplitude Ar of each | r > level is given by

The notation μRA is used for the electric dipole transition moment for the (2) 1 1 Πg←
Α 1 Σ+u transition. Since the envelope Ε02 of the probe pulse is shifted correspond-
ing to the envelope Ε01 of the pump pulse, the amplitudes Ar depend on the delay
t 0 between both pulses.

If the (2) 1Πg → B 1Πu fluorescence is observed under conditions of time aver-
aging by a typical photodetector with a nanosecond time response, the fluorescence
intensity as a function of time delay between the pump and probe pulses is given
by

Here |b > stands for vibrational wavefunctions in the B 1Πu state and μΒR is the
electric dipole transition moment for the (2) 1Πg → B 1Πu transition.

It must be taken into account that in addition to the subsequent absorption
of the first photon from the pump beam and the second one from the probe beam,
excitation of the (2) 1 Hg state can be achieved by absorption of two pump photons
or two probe photons. This is a consequence of deriving pump and probe beams
from the same laser. On the other hand, because of the short lifetime of the Α 1 Σ+u
state (12 ns [10]) and the assumed laser repetition rate less than 30 MHz, at the
arrival of a given pump pulse we can neglect population of the Α state by all
previous pulses.

To calculate I(t0) one has to know the stationary vibrational wavefunctions
|0 >, | a >, |r > and |b >. They were obtained by solving the appropriate radial
Schrödinger equations numerically, using the method described by Cooley [11].
Potential energy curves for the states Χ 1Σ+g , Α1 Σ+u , B 1Πu and (2) 1Πg were taken
from Refs. [12-16]. We assumed that μXA, μAR and μRB do not depend substan-
tially on the internuclear distance, what is a reasonable approximation for the
limited range of R sampled by the wave packets.

Discussion

Figure 1 displays intensity of the total (2) 1Πg → B1Πu fluorescence I versus
time delay t0 between the pump and probe pulses. The uniform background visible
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in the figure originates from simultaneous absorption of two pump or two probe
photons. It can be cancelled out when the pump and probe beams are chopped
with different frequencies Ω1 and Ω2 and the fluorescence signal is measured with
a lock-in technique on the frequency Ω1 ± Ω2 .

The fluorescence signal is proportional to the absorption of the probe pulses
by the wave train generated in the A state. Therefore, the I(t) dependence reflects
spatial evolution of this wave train. Absorption of the probe photon at t = 0
occurs at the place, where the A state wave train has been created. This is around
the equilibrium distance of the ground Χ1 Σ+g state (R e ≈3.08 Α [12]), being
simultaneously the inner turning point for the oscillatory motion of the wave train.
As one can see from Fig. 1 the probability of the (2) 1Πg ←A 1 Σ+u absorption is, in
this case, moderate. The probability increases when the wave train moves towards
greater R values and reaches maximum for t = 60 fs (equivalent to R = 3.52 Á).
Then it decreases to the minimum value at the outer turning point of the wave
train motion (t = T/2 = 155 fs). Afterwards the wave train travels back passing
again through the R value of maximum absorption probability and returns to its
starting point being the inner turning point.

The numerically predicted dependence of the (2) 1Πg ← A 1 Σ+u absorption on
the spatial position of the A state wave train can be explained qualitatively in
a semiclassical way. The Franck-Condon principle requires conservation of both
position and momentum (or kinetic energy) of the nuclei during the electronic
transition. If the transition starts from a given ε' level, the final points which clas-
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sically conserve nuclear position and momentum lie on the Mulliken potential [17]:

where U'(R) and U(R) represent the potential curves of the initial and final states,
respectively. In Fig. 2 the loci of Mulliken potentials are shown for transitions from
vibrational levels in the Α 1 Σ+u state predominantly populated by the pump pulse
to the (2) 1Πg state. It is to be remembered that due to the uncertainty principle
the wave train energy is spread around the v' = 10 energy level in the Α state and
the probe photon energy is spread around ħω0. Still it can be seen from Fig. 2 that

the position and momentum conservation are best fulfilled at about R 3.5 Å,
less precisely at the inner turning point and very poorly at the outer turning point.

In order to evaluate the feasibility of our model experiment, we have esti-
mated the intensity of the (2) 1Πg → B 1Πu fluorescence. The following assumptions
were made: laser pulse energy is 2 x 10 -1 0 J, the density of Nat in the supersonic
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molecular beam equals 10 14 cm-3 and the cylindrical interaction zone is 100 μm
in diameter and 2 mm long.

The probability P of excitation of a Nat molecule from the ground Χ 1 Σ+g state
to the Α 1 Σ+u state per single laser pulse was calculated using the laser parame-
ters and Einstein A coefficients for this transition [18]. The resulting probability
P r„ 2 x 10-4 justifies the perturbation method applied in the calculations. It
is reasonable to assume that the transition probability for the (2)1Π g <— A 1 Πu
is comparable to that for the Α<—Χ transition. Therefore, the probability for a
molecule to be excited by two subsequent pulses to the (2) 1Πg state is approx-
imately 4 x 10 -8 . Since there are about 10 9 molecules in the excitation region,
we can expect more than one molecule being transferred to the upper state at
every laser pulse. We have estimated that the (2) 1Πg —> B 1 Hu fluorescence is a
dominating channel for decay of the upper state population; thus the number of
fluorescence photons is roughly the same as the number of excited molecules. Tak-
ing into account laser repetition rate we arrive at conclusion that there are 107 to
108 photons per second in the measured fluorescence which should be enough for
a measurement with a standard lock-in technique.

Finally we compare properties of a vibrational wave packet in molecule and
the Rydberg atom wave packet. Α time duration of exciting laser pulses required
in both cases is substantially different. Close packing of atomic Rydberg states
in energy scale (Δ ε≈0.01 cm-1for n≈50) allows one to use relatively long
laser pulses up to 500 ps in duration [4]. In the model Na2 molecule vibrational
levels are separated by about 100 cm -1 and pulses of few tens of femtoseconds are
necessary. On the other hand, excitation of molecular wave packets shows some
advantages. Due to a uniform energy spacing of vibrational levels (imposed by
approximately harmonic potential) a molecular wave packet remains localized in
space during many periods of vibrations, whereas the Rydberg atom wave packet,
particularly when localized in radial coordinate, disperses after few oscillations
[1]. Moreover, excitation of the atomic wave packet, especially formed of the high
angular momentum Rydberg states, presents serious experimental difficulties and
requires optical excitation of an atom additionally dressed by an rf field [3, 4].
Excitation of the vibrational wave packet in a molecule is experimentally easier
and relatively simple for theoretical analysis.
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