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Abstract

We report the observation of the dissociation of an electronically-excited molecule (Rb,) with an atomic wavepacket
and time-delayed parametric four-wave mixing. The dynamics of the molecular dissociation transient are captured by
the temporal histories of the relative number densities of the Rb product states, determined by reference to the am-
plitude and phase of the Fourier (spectral) components of the wavepacket. Clear experimental evidence of the ap-
pearance of atomic fragments (7s, 5d, 6p, 4d, and 5p) generated by dissociation is observed in the pressure-dependent
temporal behavior of the amplitude of the 608 cm~' (7s—5d) wavepacket spectral component.

© 2003 Elsevier B.V. All rights reserved.

Dissociation is a fundamental process of mo-
lecular dynamics and a detailed understanding of
the relevant potential surfaces is crucial to ulti-
mately controlling the products. Toward that end,
a major step was taken in the late 1980s when
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Zewail and colleagues [1,2] observed the transition
state between a bound molecule and specific dis-
sociative exit channels. In femtosecond laser pulse
pump-probe experiments, a wavepacket was first
produced within an electronic state of the parent
molecule and the subsequent appearance of an
atomic or molecular fragment was detected by
laser-induced fluorescence. However, since fluo-
rescence is an incoherent process, the retrieval of
phase information is problematic and obtaining
adequate sensitivity poses experimental challenges.
Shortly thereafter, Misewich et al. [3,4] at IBM
reported monitoring molecular  dissociation
through photoabsorption by an atomic fragment.
Though capable of observing the phase of the
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process, absorption measurements record the time-
integrated phase and both fluorescence and ab-
sorption are limited with respect to selectivity, the
ability to simultaneously monitor two or more
product states lying close in energy, since either the
temporal or spectral resolution of the probe must
be compromised.

We report here the detection, with an atomic
wavepacket, of the dissociation of an electronically-
excited diatomic molecule, Rb, [5,6]. The data
presented demonstrate the observation of the mo-
lecular dissociation transient and the statistical
distribution of product states (spanning more than
10* cm ™), unencumbered by collisional or radiative
lifetime effects. Specifically, the temporal history of
the amplitude and phase of the Fourier (frequency)
components comprising the atomic wavepacket
provide a stable reference against which the ap-
pearance of newly-produced excited atoms can be
detected. Rubidium atoms generated by dissociat-
ing Rb dimers alter the spatially-averaged, excited
state distribution in the medium and, therefore, the
third-order nonlinear susceptibility, y*. The con-
version of this information into the macroscopic
domain can be accomplished by parametric four-
wave mixing (FWM) in a pump-probe format,
which serves to capture the Rb population distri-
bution (among all the states participating in the
FWM process) at the moment a probe pulse arrives
[7]. Repeated sampling of the medium after the
atomic and molecular wavepackets are born and
Fourier analysis of the intensity of the coherent
signal wave allow one to reconstruct the temporal
history and product state distribution of Rb, dis-
sociation. Although molecular and atomic wave-
packets have been studied extensively over the past
15 years by a variety of experimental approaches,
including photoionization followed by electron or
ion detection [8], phase-sensitive techniques [9], and
FWM [10,11], they have to date been explored in-
dependently. The thrust of this work is to demon-
strate the influence of a molecular wavepacket,
associated with a dissociating homonuclear mole-
cule, on a coherent nonlinear optical process med-
iated by an atomic wavepacket.

A potential energy level diagram of the Rb—Rb,
system investigated in these experiments is
presented in Fig. 1. Studies of two sets of Rb
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Fig. 1. Partial energy level diagram for Rb and Rb, showing
production of both molecular and atomic wavepackets by op-
tical pump pulses (centered at 770 nm). The former occurs by
two-photon photoassociation of Rb-Rb collision pairs. Gen-
eration of excited Rb atoms (7s, 5d, 6p,...) by dissociation of
Rb, molecules is detected by parametric FWM. The expanded
region in the upper portion of the diagram illustrates the
overlap of the two-photon laser spectrum with the 7s and 5d
states of Rb.

molecular and atomic states have been conducted
but those reported here focus on the *A, states of
the dimer correlated, in the separated atom limit,
with the 5d *D; and 7s 2S;), states of Rb. We
generate atomic wavepackets comprising predom-
inantly the 7s and 5d states of Rb by exciting the
resonantly enhanced, two photon 5s —— 7s, 5d
transitions with two identical ~120 fs optical
pulses, one of which (probe) is delayed in time with
respect to the other (pump) by At. Interference
between the coherent superpositions produced by
the two pulses, each of which generates quantum
beating at 607.94 cm™' (7 2S;,-5 ?Ds), energy
defect), serves as the detector for molecular dis-
sociation fragments. We have reported previously
[7] that atomic wavepackets can be detected opti-
cally by monitoring the axially phase-matched,
coherent emission produced by the parametric
FWM, difference frequency process: ws = 2w, —
wi, where w,, @i, and s are the frequencies of the
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pump (and probe), idler and signal, respectively. In
1999, Lvovsky et al. [12] demonstrated that, when
excited with 4 ps pulses, the 5s —— 5d — 6p — 5s
FWM process is time-delayed (idler and signal are
generated following the termination of the driving
optical field) and the idler is produced by super-
fluorescence. Nevertheless, the entire process is
coherent. In the present experiments, the compo-
sition of the wavepacket, reflected by the phase
and amplitude of the quantum beating, is embed-
ded in the macroscopic signal wave produced by
FWM near the 6 2Py — 57%S,,, transitions (/s
~420 nm), and is recovered by Fourier analysis of
the variation of signal intensity with Az. The op-
tical pulses for the experiments, having a central
wavelength of 770 nm and energies maintained
below 1 pJ, were linearly polarized and generated
at a repetition frequency of 1 kHz by a Ti:Al,O;
oscillator—amplifier system. Pairs of pulses sepa-
rated by a variable time delay (Az) were produced
with a standard Michelson interferometer and
both pulses (spectrally-broadened by self-phase
modulation (SPM) in air) were focused into a
sapphire cell or heat pipe containing Rb vapor at
pressures between 3.4 x 1073 and 20 Torr (corre-
sponding to number densities, [Rb], of ~8 x 1013 —
3 x 10'7 cm™3). The peak optical intensity in the
Rb vapor was estimated to be ~3 x 10! W cm 2.

An example of the data obtained by recording
the intensity of the coherent emission produced by
FWM is shown in Fig. 2 for the 6p ?P5;; — 5°S;)
signal wave (4 = 420.19 nm) in which At has been
scanned from 0 to 300 ps, and [Rb] is ~3.7 x 10"
cm™>. As illustrated by the inset of Fig. 2, the
Fourier transform (FFT) of the entire Az-scan re-
veals the expected dominant frequency component
at ~608 cm~!. Because of the length of the scans
acquired in these experiments (100-300 ps), iden-
tifying unambiguously the fine structure level of
’D (or 2P) states associated with a specific fre-
quency component of a wavepacket is straight-
forward. In addition to the predominant Fourier
component of Fig. 2, nonlinear contributions to
the frequency composition of the wavepackets
were observed. For interpreting the dynamical
data to be presented later, it is important to note
here that the measured frequencies of the Fourier
components of the wavepacket are within 4+0.08

T T T T T T

Rb 7S - 5Dy
2 2 #=5/2)

6"P3 > 5781

500 1000 1500 —

‘Wavenumbers (cm'l)

Relative intensity

\ FLILI M Ll
0 100 200 300

Time Delay, At (ps)

Fig. 2. Representative experimental data illustrating the de-
pendence of the relative intensity of the coherent emission at
~420.2 nm (6 *P3;» — 5 2S;,2) on the pump-probe delay time
(At) for —10 < A¢<300 ps. The inset shows the FFT of the
scan data for which the Rb number density was 3.7 x 10 cm 3.

cm~! of their accepted values. Therefore, although
we have confirmed (with a proportional counter)
that photoionization of the atoms by 2+ 1 reso-
nantly-enhanced multiphoton ionization is satu-
rated at these intensities, the Stark effect has a
negligible impact on the temporal history of the
wavepacket [13].

As discussed earlier, the interference between
the coherent superpositions of the Rb 7s and 5d
states produced by the pump and probe pulses
serves as the detector of molecular dissociation
fragments. A suitable test for this concept requires
a process for generating excited molecules in ap-
propriate electronic states (i.e., having dissociative
exit channels) and doing so in such a way that the
phase with respect to excitation of the atomic
wavepacket is well-defined. Both requirements are
met by having the pump pulse serve a second
function. Returning to Fig. 1, two photon photo-
association [14,15] of thermal pairs of ground state
Rb atoms, moving along the a*%~! potential [16],
excites 3A, (A =X, II, or A) states of Rb, corre-
lated with 7 %S, 5 2D + 5 %S in the separated atom
limit. Although the Rb, electronic states in the two
770 nm-photon region have not been characterized
in detail, it is known [17] that several are coupled
to the Rb 5p, 4d, ... exit channels by predissocia-
tion. Since the same pump pulse photoexcites both
atoms and dimers, energetic considerations require
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that the molecular wavepacket comprises rovib-
rational states near the 7s and 5d dissociation
limits, and yet also extends into the vibrational
continuum. Consequently, the pump pulse estab-
lishes, by a two-photon process, a molecular
wavepacket on a 3A, potential surface. Dissocia-
tion of the dimer results in an excited atomic
fragment moving away from its ground state
counterpart at a velocity determined by thermal
energy and the shape of the interaction potential.
In summary, the pump pulse coherently prepares
excited molecules which subsequently dissociate,
producing atomic fragments entering several exit
channels and emerging with specific values of (or,
a small spread in) translational energy. It must be
emphasized that, to a first approximation, excita-
tion of the dimer from the bound ground state
(X'Z,) can be neglected in the results described
here since: (1) the dimer number density is
<0.2-1.5% of that for the atom in the Rb vapor
pressure range studied (3.4 x 107320 Torr), and
(2) the Rb—Rb photoassociation rate varies as the
square of [Rb].

To detect the molecular dissociation transient,
the variation of the amplitude and phase of the
atomic wavepacket’s Fourier components with
delay time At and [Rb] was determined by anal-
ysis of time delay scan data (similar to those of
Fig. 2) with the time-dependent Fourier trans-
form. Consider Fig. 3 which compares the tem-
poral histories of the relative amplitude of the
72815 *Ds), frequency component as the Rb
number density is varied by almost four orders of
magnitude. Representative data for six values of
the vapor pressure are shown and, for clarity, the
peak amplitude of the 608 cm~' Fourier compo-
nent for each Ar-scan has been normalized to
unity. At every pressure studied, a transient in-
crease in the amplitude of the 608 cm™! signal is
observed which is attributed to the interaction of
the atomic fragments with the quantum beating
process established by the pump in a nearby
atom. As the dimers dissociate, the excited frag-
ments acquire a phase shift with respect to the
pump pulse that manifests itself as an interference
with the 7s-5d oscillator.

As discussed previously, the data of Fig. 3 are
not the result of electric field effects resulting from
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Fig. 3. Dependence of the relative 7 2S;,—5 *Ds, (608 cm™')
Fourier amplitude on At for six values of Rb vapor pressure
between 4 x 1073 and 10 Torr (9 x 103 < [Rb] < 1.5 x 107
cm?). For clarity, the peak amplitude of each of the curves has

been normalized to unity. The bandwidth of the integration

window in the frequency domain is 4 cm™'.

electron—ion pairs produced by photoionization.
Similarly, over the entire pressure range studied,
the transient has terminated long before hard
sphere collisions become a factor. Calculations
suggest, however, that the falling portion of the
transients can be attributed to dephasing of the
atomic wavepackets by the dipole-dipole interac-
tion between two excited atoms, one of which is a
molecular dissociation fragment. The internuclear
separation (R) between the two atoms at which the
dipole-dipole interaction, (f, - [i,)R™3, is 10-50%
of the Rb 7s-5d defect of 608 cm™! is estimated to
be 120-170 A. Assuming that a perturbation of
this magnitude is sufficient to destroy the coher-
ence of the wavepacket, this mechanism explains
the rate of decay in the amplitude of the transient.
We conclude that the influence of dipole-dipole
interactions dephases the atomic oscillators
(modulating y®, the FWM process, and the signal
at 420 nm) and the 7 2S-52D beat frequency
amplitude collapses.

More than 100 scans similar to those of Fig. 3,
in which the dependence of the 608 cm~!' Fourier
component amplitude was recorded for 0 < Af<
300 ps, were acquired for several values of [Rb].
The results are presented in Fig. 4a which illus-
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Fig. 4. (a) The variation of t, with [Rb]~!/%. The data represent
the results of more than 100 scans and the color-coded regions
illustrate the predictions of a simple model of the dissociation of
electronically-excited dimers in which either a Rb 7s, 5d, 6p, 4d,
or 5p fragment is produced. The boundaries of each region,
except the low velocity limit for the 7s fragment, represent Rb—
Rb collision (ground state) pairs having energies at the 50%
points of a Maxwellian distribution (~0.5 kT and 5.4 kT). The
low velocity limit for the 7s state is that for a collision pair
energy of 1.2 kT. Considerable overlap exists between the 7s
and 5d regions (denoted by the purple cross-hatched pattern)
but the 6p, 4d, and Sp regions are distinct. (b) Histogram of the
data of (a) but presented here as a function of the velocity of the
atomic fragment. The arrows and state labels identify the ex-
pected rms velocity (at 7 = 473 K) for an Rb atom generated in
the indicated state.

trates the dependence of 7,, the value of At cor-
responding to the maximum amplitude of a tran-
sient, on [Rb]"'/? which is proportional to the
mean separation between Rb atoms for a given
number density. These data are in agreement with
a simplified picture of the dissociation of elec-
tronically-excited Rb,. We assume the molecular
wavepacket to be produced in a A, state (corre-
lated with Rb(5 2D or 7 ?S) + Rb(5 2S;)2)) at the
value of internuclear separation R, for which a
colliding pair of Rb ground state atoms, having a
center-of-mass kinetic energy Ery, intercepts the
a’X! potential. Defining AE = Ery + 2hw, — Egrp
(where Egy, is the energy of the Rb excited state in
question) to be the energy beyond that necessary
to access the 7s, 5d, 6p,... exit channels, ac-
counting for the dipole-dipole interaction noted
earlier, and assuming that all of AE appears as

kinetic energy of the fragments, then the color-
coded regions in Fig. 4a show the predicted be-
havior of the molecular dissociation transients
associated with the Rb 7s, 5d, 6p, 4d, and 5p
product states. The boundaries of each region
(except for the low velocity limit for the 7s
fragment region — see Fig. 4) correspond to
Ery=20.5 kT and 5.4 kT, the 50% points for a
Maxwellian distribution. Notice that as thermal
energy becomes a smaller fraction of the total
excess energy AE for an atomic fragment, the
angular breadth of the region associated with that
fragment narrows. Consequently, the 7s and 5d
regions of Fig. 4a overlap significantly but those
for the 6p, 4d, and Sp fragment states are quite
distinct.

A clearer picture of the capability of this ex-
periment to resolve the fragment velocity corre-
sponding to each dissociation channel is provided
by the histogram of Fig. 4b. Here, the data of
Fig. 4a are categorized with respect to the velocity
of the atomic fragment (in 2 A/ps increments) and
the ordinate gives the number of scans within a
particular velocity interval. For convenience, the
vertical arrows and state labels identify the cal-
culated rms velocity for the given dissociation exit
channel, assuming a 7 =473 K Maxwellian ve-
locity distribution for the Rb-Rb collision pairs.
The correlation between local maxima in the his-
togram and the expected velocities for 7s, 5d, 6p,
4d, and even 5p atomic fragments is remarkable
and underscores the conclusion that transients
associated with the dissociation of Rb, and the
concomitant generation of atomic fragments have,
indeed, been observed. Notice that the observed
product states span an energy range of almost
14000 cm~!. Also, from a conceptual standpoint,
the data of Fig. 4b allow for the branching ratios
for the dissociation of electronically-excited Rb,
into specific states to be estimated. Although these
results must be viewed as tentative, the 7s+5d,
6p, 4d, and 5p yields are determined to be
45+ 10)%, 27+ 10)%, (17 +5)%, and (11 + 5)%,
respectively.

One of the simplifications in the above analysis
is that it assumes a single exit channel for each
experimental (Az-scan) run. In reality, one might
expect a given dissociation transient to itself be a
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sum of transients, each associated with a specific
Rb excited state. Indeed, the observed transients
do exhibit temporal structure but, for a fixed value
of [Rb], variations in the laser pulse chirp and in-
tensity, arising from the SPM process by which we
currently generate the necessary bandwidth, in-
fluence the dominant exit channel. We have cho-
sen, therefore, to describe each transient by a
single maximum at 7, that reflects the dominant
dissociation pathway.

The ability to detect the dissociation transients
of Figs. 3 and 4 by FWM is interpreted in terms
of the alteration of the spatially-averaged Rb ex-
cited state population by the atomic fragments of
Rb, dissociation. The initial distribution of pop-
ulation among specific Rb excited states is estab-
lished by the pump pulse. The subsequent
appearance of Rb atoms produced by a second
(indirect) source, the dissociation of electronically-
excited Rb, dimers, modifies that distribution
and, hence, 7 of the medium and the temporal
history of the FWM signal radiation. Thus, the
macroscopic response of the medium will reflect
the fact that the distribution of number density
among the states associated with the FWM pro-
cess, integrated over the entire atomic ensemble
along the probe pulse path, has been altered in the
time interval At between the pump and probe
pulses. This conclusion is illustrated by consider-
ing the expression for the effective wavefunction
|¥) of the atomic ensemble: |¥(¢)) =|g)+
cs(t)|s) + ca(?)|d) + cp(2)|p), where g represents the
ground state of the atom, and s, d, and p denote
the primary excited levels participating in the
parametric FWM process. Calculating the time-
varying coefficients c¢;, ¢4, and ¢, by first-order
perturbation theory and, subsequently, the po-
larization of the medium (P o (¥(¢)|er|¥(7)))
shows that y©®, which governs the FWM process
when the probe pulse arrives, incorporates
explicitly the relative amplitudes of the s, p, and d
states and includes the quantum beating terms:
cos|[(wg — wp)At], cos[(ws — w,)At], and cos[(ws —
wq)At]. Details of the calculations will be pub-
lished elsewhere but suffice it to say that the
amplitudes of the Fourier components are
weighted by the respective populations of the
states at any given time delay At.

In summary, experiments have been described
in which the dissociation of electronically-excited
molecules has been observed with an atomic
wavepacket and parametric FWM. The data of
Figs. 3 and 4, acquired over a range of Rb number
density of almost four orders of magnitude, vividly
illustrate the detection of a molecular wavepacket
associated with dissociating Rb dimers, and the
partition of the wavepacket into atomic product
states. The fundamental principle underlying the
results reported here is that the microscopic pro-
duction of electronically-excited atoms from mo-
lecular dissociation mediates the macroscopic
process of generating, via parametric FWM, the
coherent signal beam. Since an atomic wavepacket
and a coherent optical process (FWM) serve
jointly as the detector, the evolving amplitude and
phase of the molecular transient can be determined
if the pump pulse is well-characterized. It appears
that this spectroscopic tool can readily be extended
to studying the dissociation of polyatomic mole-
cules in which diatomic (or larger) molecular
fragments are produced.
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