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We illustrate how the preparation and probing of rotational Raman wave packets in O2 detected by
time-dependent degenerate four-wave mixingsTD-DFWMd can be manipulated by an additional
time-delayed control pulse. By controlling the time delay of this field, we are able to induce varying
amounts of additional Rabi cycling among multiple rotational states within the system. The
additional Rabi cycling is manifested as a change in the signal detection from homodyne detected
to heterodyne detected, depending on the degree of rotational alignment induced. At the highest
laser intensities, Rabi cycling among multiple rotational states cannot account for the almost
complete transformation to a heterodyne-detected signal, suggesting a second mechanism involving
ionization. The analysis we present for these effects, involving the formation of static alignment by
Rabi cycling at moderate laser intensities and possibly ion gratings at the highest intensities, appears
to be consistent with the experimental findings and may offer viable explanations for the switching
from homodyne to heterodyne detection observed in similar DFWM experiments at high laser field
intensitiess.1013 W/cm2d. © 2005 American Institute of Physics. fDOI: 10.1063/1.1843817g

I. INTRODUCTION

A coherent superposition of eigenstates in an atom or
molecule generates a localized wave packet that is nonsta-
tionary and evolves in time.1,2 Realistic energy levels in at-
oms and molecules lead to a spreading of the wave packet
along its trajectory and the loss of localization in space. The
wave packet can exhibit revivals and fractional revivals of
the initial localization both temporally and spatially.3 Con-
siderable attention has also been given to forming rotational
wave packets and using intense femtosecond lasers to rota-
tionally align molecules by impulsively exciting a superpo-
sition of rotational states.3–7 In this case, the sudden impulse
from the short laser pulse transfers angular momentum to the
molecule through Rabi cycling, resulting in angular manipu-
lation. The alignment is shown to be maintained even after
the laser field is switched off, leading to revivals of the initial
alignment at well-defined times. Recently, a number of ex-
periments and theoretical calculations have utilized either se-
quences of femtosecond laser pulses or tailored femtosecond
laser pulses to modify this alignment.8–13 The present effort
focuses on utilizing a time-delayed control pulse to trigger
further alignment in O2 rotational wave packets that are pre-
pared and probed by degenerate four-wave mixingsDFWMd.

The wave packet motion is typically tracked along its
trajectory using probe techniques that are localized both in
space and time, such as absorption, laser-induced fluores-
cence, and photoionization or photoelectron detection.14 The
use of ion imaging allows one to map out directly the time-
dependent angular distribution of a rotational wave
packet.5–7,11,12Relevant to our work, however, is the use of
third-order and higher order nonlinear techniques for probing
both gas15 and liquid16 phase dynamics, such as DFWM and
coherent anti-Stokes Raman scattering. Both techniques uti-

lize the combination of three nonphase-locked laser pulses in
a particular phase-matching geometry: the first two fields
having initiated some population transfer and/or coherence in
the sample, and the third laser pulse probing it through a
scattering process.17,18 These techniques have been success-
fully applied to study both ground and excited state dynam-
ics of diatomics and polyatomics.19 Notably in I2, Schmittet
al.20 demonstrated that FWM can give information about
wave packet dynamics on both the ground and excited state
potential energy surface while Brownet al.21 showed that
selective time delays between the two excitation fields cor-
responding to multiples of either ground or excited state vi-
brational periods could lead to optimized population and
wave packet transfer between two electronic states.

An intuitive way to explain the origin of a DFWM pro-
cess is in terms of a transient grating picture where the signal
is a result of Bragg scattering of the probe beam by an in-
duced grating of polarized molecules. The first two laser
pulses, having wave vectorsk1 andk2, create an optical in-
terference pattern that imprints a grating onto the medium.
The probe beam with wave vectork3 is then scattered by this
polarization grating into the direction satisfying the phase-
matching condition,ks=k1−k2+k3, where ks is the wave
vector of the scattered field. The grating is transient since the
polarizedsor alignedd molecules evolve in time, each at a
particular angular frequency. The periodic recurrence of ini-
tial alignment is manifested by the extent to which the probe
beam is Bragg scattered. By monitoring this intensity as a
function of time, the dynamics of the excited medium can be
inferred.

A few studies using FWM have noted that with increas-
ing pulse intensities the scattering signal transforms from
being purely homodyne in nature to a mixture of both homo-
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dyne and heterodyne detected.22,23 The signature for this
transformation, as we will see shortly, is typically character-
ized by an increase in the base line of the FWM signal, with
the recurrence profiles dipping below this base line. Of these
studies, none have focused on explaining the nature of this
effect but have merely incorporated an empirical term in
their calculations to account for it.22,23 In our work, we show
how the application of a time-delayed control pulse allows us
to manipulate the scattered signal and transform its charac-
teristics from purely homodyne to heterodyne detected. The
time dependence of this effect is consistent with the control
pulse inducing further Rabi cycling within the ensemble of
rotors. We propose how this additional Rabi cycling leads to
an enhancement in both the static and dynamic alignment of
the molecular system. We suggest how the static alignment
can be viewed as a time-independent grating, which Bragg
scatters additional probe beam intensity into a similar phase-
matching direction as the time-dependent signal. In this way,
at the point of its formation, the static grating creates a con-
stant background field source through additional probe scat-
tering si.e., a local oscillatord which interferes with the time-
dependent signal field to heterodyne the observed dynamics.
The analysis we present is further corroborated by the recent
work of Poulsenet al.24 who suggest that the permanent
alignment observed in their experiments on nonadiabatic
alignment of asymmetric top molecules using time-resolved
photofragment imaging may explain the transformation ob-
served in the FWM signal at increased laser pulse intensities.

To set the scene, we begin by outlining the theory used
to model the data presented in the paper. After briefly dis-
cussing the experimental setup, we present time-dependent
DFWM recurrence data in O2 as a function of laser intensity
s1013–1014 W/cm2d. We then show how the application of a
time-delayed control pulse affects the FWM signal detected.
In particular, we show how the timing of this control pulse is
critical in facilitating the transformation from a purely
homodyne- to heterodyne-detected signal. Finally we briefly
discuss the DFWM dynamics at the highest laser intensities,
suggesting another mechanism involving ionization.

II. THEORY

The impulsive excitation of rotational states creates a
wave packet that evolves with time. The recurrence time of
the polarization depends on the superposed states, arising
from StokessDJ= +2d and anti-StokessDJ=−2d nonresonant
Raman transitions. The calculations will assume a Boltz-
mann distribution of rotational states at room temperature,
the conditions of the experiments. The time-dependent mac-
roscopic polarization is given by25

Ps3dstd ~ Nb2o
J

spJ − pJ8d
sJ + 1dsJ + 2d

s2J + 3d

3hsinf2pcsdvJ,J+2dtgjexps− t/T2d, s1d

whereJ andJ8 correspond to the initial and final rotational
states in the Raman excitation,N is the gas density, andb is
the anisotropic polarizabilitysai−a'd. pJ=exps−EJ/kTd /Q
in which EJ corresponds to the energy of the rotational state
and Q the rotational partition function. Finally,dvJ,J+2=vJ

−vJ+2 is the Raman wave number transitionsi.e., Stokes
transitiond while T2 is the collisional dephasing time. From
modeling of the experimental data, we have found that the
dependence of the collisional dephasing on rotational state
can be neglected. We estimate from the experimental data
that the collisional dephasing time is<75 ps.

The time-dependent DFWM scattering signalEsstd is
proportional to the third-order macroscopic polarization
Ps3dstd. The intensity of the FWM signal is directly propor-
tional to the modulus squared of the polarizationuPs3dstdu2
and thereforeuEsstdu2. The effect of squaring Eq.s1d means
that after expanding this expression the signaluEsstdu2 will
not be composed of the frequency terms of individual Fou-
rier components of the rotational states superposed. Instead,
uEsstdu2 will be composed of the cross terms arising from the
sum and difference frequency terms of the individual Fourier
components.19 As an example, consider four rotational states
labeledvJ, vJ+2 andvJ8, vJ8+2. A coherent superposition of
each pair of states will generate two rotational Raman wave
packets with beat frequenciesA and B swhereA=vJ−vJ+2

and B=vJ8−vJ8+2d. Unlike in a pump/probe experiment
where one detects the individual beat frequenciesA and B,
the frequencies detected here correspond toA±B, 2A, and
2B. This leads to two progressions in the fast Fourier trans-
form of the rotational recurrence scansfsee Fig. 2sddg, the
first beingA−B and the secondA+B, 2A, and 2B. The acci-
dental degeneracies arising from cross terms of all the rota-
tional state superpositions in the ensemble lead to a more
intenseA−B progression. Detection of only the scattered sig-
nal in this way is termed homodyne detection.

In order to observe more strongly a signal that depends
on the individual frequency termsA and B sthe individual
Fourier components of the rotational states superposedd, one
can coherently mix, or heterodyne detect the signal field by
combining it with a reference field of similar wavelength,
termed a local oscillatorELOstd. The local oscillator can be
part of the probe beam, or some other field, and appears as a
constant background source. The signal is now proportional
to uEsstd+ELOstdu2. If we expand this expression, we see that
in addition to the beat frequencies arising from theuEsstdu2
term, we also have terms arising fromuEsstdELOstdu and
uELOstdu2. The former corresponds to measurement of the in-
dividual quantum beatssA and Bd, essentiallyuEsstdu, while
the latter is a constant. Consequently, as the local oscillator
increases in magnitude, the signal changes from being homo-
dyne to heterodyne detected. A modified form of Eq.s1d
incorporating an empirical variablek to account for the het-
erodyne detection, which is dependent on the magnitude of
the local oscillatorELOstd can be expressed as25

uP8s3dstdu2 ~ UNb2o
J

spJ − pJ8d
sJ + 1dsJ + 2d

s2J + 3d

3hsinf2pcsdvJ,J+2dtgjexps− t/T2d + kU2

. s2d

It is important to note that the homodyne component of the
signal will always be present but the relative magnitudes
between the homodyne and heterodyne components of the
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signal will change depending on the value of the local oscil-
lator. A goal of this paper is to present evidence for the
physical origin of the empirical factork.

At the moderately high laser field intensities where the
experiments have been carried outs1013–1014 W/cm2d, mul-
tiple Rabi cycling occurs whereby an initially populated ro-
tational state can undergo a series of two-photon transitions
accessing highersor lowerd rotational states. As we will see
in Sec. IV, such a process can lead to the formation of static
or permanent alignment, which can Bragg scatter probe light
into the same phase-matching direction as the transient grat-
ing. As this is a constant field source, it can, in principle,
behave as a local oscillator. Equationss1d and s2d do not
include any effects of laser intensity and therefore we seek
an alternative approach to account for this to compare to
experiments. It has been shown by Ortigosoet al.26 that the
final amplitudes of each rotational state, after the interaction
with an intense laser field pulse, can be accurately evaluated
by solving the following Hamiltonian of a molecule subject
to an intense laser field,

Heffstd = BJ2 − 1
2«2stdfsai − a'dcos2 u + a'g, s3d

whereJ2 is the squared angular momentum operator,B the
rotational constant, and«std the time-dependent laser electric
field, assumed Gaussian.u is the polar angle between the
molecular axes and the electric field, whileai anda' are the
components of the static polarizability parallel and perpen-
dicular to the molecular axes.

Using the same formalism as detailed by Ortigosoet
al.,26 the evolution of the molecular wave function during the
aligning pulse is evaluated by numerically integrating a set
of coupled differential equations connecting rotational states
differing by DJ=0, ±2 using the Runge–Kutta method.26

The aligning pulse is assumed to have a Gaussian pulse
shape of the form,gstd=exps−t2/s2d, characterized by a full

width at half maximum,t>s5/3ds, wheret corresponds to
the pulse duration. The common measurement of alignment,
kCstducos2 uuCstdl, can then be computed with the evaluated
amplitude coefficients of each rotational state to give

kcos2 ul = kCstducos2 uuCstdl

= o
J,M

uaJu2CJ,J,M + uaJu

3uaJ+2ucossdvJ,J+2,MtdCJ,J+2,M , s4d

where uaJu and uaJ+2u are the contributing amplitudes of the
individual rotational states in the superposition after the laser
pulse-molecule interaction and

CJ,J,M = kJ,Mucos2 uuJ,Ml,

s5d
CJ,J+2,M = kJ,Mucos2 uuJ + 2,Ml,

in which dvJ,J+2 are the Stokes Raman wave number transi-
tions. The calculations described assumed an initial Boltz-
mann distribution of rotational states at room temperature. To
obtain numerical convergence, 39 rotational states were typi-
cally included in these calculations for comparison to experi-
ments.

III. EXPERIMENT

The laser is a commercial Spectra-Physics system con-
sisting of a Ti-sapphire oscillator and a regenerative ampli-
fier. The system delivers 0.8 mJ pulses centered at 805 nm at
1 kHz repetition rate. The measured pulse duration is 50 fs.
The laser output is split into four beams: two pump beams
sPud, one probe beamsPrd, and one control beamsPcod. The
intensity of the pump, probe, and control beams could be
individually varied using neutral density filters with negli-
gible effects on the spectral and temporal profiles, verified
with a spectrometersOcean Optics HR2000d and single-shot
autocorrelator, respectively. The pump and probe beams
were kept equal in energy and varied from 35mJ per pulse
up to 120mJ per pulse, while the control beam was main-
tained at 300mJ per pulse. The pump and probe beams were
combined at the sample in the forward boxcar geometry by a
400 mm focal length lens. At the lens, these three beams
occupy three corners of a square with<2 cm sides. The
control beam occupies the center of the square. The beam
diameters at the interaction region are 110–120mm. With
this setup, there are two-pulse arrangements, one without the
control pulse and one with the control pulse. The two-pulse
arrangements and their timings are illustrated in Figs.
1sad–1sdd, respectively. The relative delay between the pump
pair is kept fixed and overlapped in time, while the delays of
both the probe and control beams are changed using motor
controlled delay stagessPhysik-Instrumented. The probe is
typically varied over 100 ps with a minimum step size of
0.05 ps while the control beam is fixed at particular delays
relative to the pump beamssup to 7 ps delayd. Both stages
had a design resolution better than 0.1mm s0.3 fsd.

The sample of O2 s1 atm pressured is contained in a gas
cell 50 cm in length. The temporal and spatial overlap of all
four beams is found by focusing all four attenuated beams

FIG. 1. sad A schematic diagram illustrating the pulse arrangement of the
pump sPud and probesPrd beams in the forward boxcar configuration.sbd
depicts the temporal arrangement of these beams. The two pump beams are
overlapped temporally to form a transient grating. This defines time zero for
all experiments. The probe pulse is scanned in incremental stepsstypically
0.05 psd up to a maximum delay of 100 ps.scd andsdd are similar tosad and
sbd but with the inclusion of the control pulsesPcod. scd The control pulse
occupies the center of the box whilesdd illustrates the relative timings of all
four pulses.
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into a 0.2 mm thick BBO crystal. When overlapped, a matrix
of equally spaced UV beams is seen after the crystal, a result
of second and higher order wave mixing occurring in the
crystal at the appropriate phase-matching direction. The crys-
tal is then replaced by the gas cell. After passing through
another 400 mm lens, the pump, probe, and control beams
are blocked by a mask while the FWM scattered signalsla-
beled Ps in Fig. 1d is collected onto a photodiode and di-
rected to a fast oscilloscopesLeCroy waverunner LT372d
without any spectral filtering. Data acquisition is achieved
through a general purpose interface bussGPIBd connected to
a computer runningLABVIEW .

IV. RESULTS AND DISCUSSION

Figure 2 shows experimental plotssbottom plotsd of ro-
tational recurrences in O2 for three different pumpsPud laser
pulse intensities, 3.331013, 6.331013, and 7.931013

W/cm2 fFigs. 2sad–2scd, respectivelyg. In all three sets of
recurrence data, one clearly sees periodic peaks spaced by
<2.9 ps. The time delay between rotational recurrences oc-
curs with a periodicity of 1/2B0c, whereB0 is the rotational
constantf1.438 cm−1 sRef. 27dg and c the speed of light,
which corresponds to the phase factors of all the component
wave functions that make up the wave packet advancing by
the same amount in modulo 2p. Rotational recurrences may
also occur at fractions of the recurrence time, the details of

which are clearly described by Dooleyet al.28 For molecules
where both odd and evenJ states are equally populated, re-
currences occur spaced by 1/4B0c, however, when only odd
or even states are populated, the spacing between recurrences
becomes 1/8B0c. The periodicity however still remains as
1/2B0c. Since O2 has a nuclear spin of 0, the total wave
function must be symmetric to nuclear exchange. As a result,
rotational states with evenJ are missing and the usual period
of 1/2B0c becomes 1/8B0c, in excellent agreement with our
data. It is clearly evident from the figures how the profiles of
the recurrences change as a function of laser intensity, as
manifested by an elevated base line and the recurrences dip-
ping below the base line at the highest laser intensity. This is
understood to be a change in the relative ratio of the signal
strengths for the 1/8B0c ensemble average recurrencessla-
beled A−B and A+B, 2A, 2B aboved versus the signal
strength of the individual pairs of quantum beats between
rotational statesslabeledA or Bd.22,23 The former occurs in
the homodyne detection while the latter is accentuated in the
heterodyne detection. The corresponding theoretical plots
stop plotsd for the recurrences modeled using Eq.s2d are also
shown with the base line indicated by a dashed line. By
including the effects of a variable-strength local oscillator
through the constantk, the experimental data is fit very well.
One can estimate the relative magnitude of the scattered
probe field to the local oscillator and find that, at 7.9

FIG. 2. Time-resolved rotational recurrence datafsad, sbd, and scdg and the corresponding FFTsfsdd, sed, and sfdg for three different laser intensities, 3.3
31013, 6.331013, and 7.931013 W/cm2 respectively.sad, sbd, and scd, each show two plots that correspond to experimentsbottomd and theorystopd. The
theoretical plots are modeled using Eq.s2d with their base line indicated by a dashed horizontal line. These plots were obtained using 0, 0.35, and 1 for the
values ofk for sad, sbd andscd, respectively.sdd, sed, andsfd are the FFTs of the experimental recurrence plots. Two progressions are observed insdd indicated
by the dotted lines. The two progressions arise from squaring Eq.s1d and are labeledA−B andA+B, 2A, 2B, respectivelyssee text for detailsd. The star in
sdd denotes the rotational recurrence time appearing at 11.44 cm−1. The dashed vertical lines are the wave number values of the beat frequencies between the
pairs of rotational states the wave packet is composed ofsA or Bd. sfd shows essentially a single series that matches perfectly with these beat frequencies
slabeledA andB in the textd. The transformation from a homodyne-detected to a heterodyne-detected signalffrom sdd to sfdg is the main focus of the paper.
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31013 W/cm2 for instance, the relative magnitudes of the
scattered field and local oscillator are comparable.

The changes in the O2 coherent spectral features under-
lying the recurrence data are seen more clearly in the fast
Fourier transformssFFTd of the recurrence data. Figures
2sdd–2sfd correspond to the recurrence data of Figs.
2sad–2scd, respectively. They show how the increasing elec-
tric field of the pump/probe beams leads to the enhancement
of the signal intensities of the individual beat frequencies
sA and B previouslyd of various pairs of rotational states
composing the wave packetsdashed vertical linesd. At 3.3
31013 W/cm2, the FFT shows two progressions of equidis-
tant lines. For a detailed explanation regarding the origin of
these progressions, the reader is referred to the article by
Frey et al.29 Briefly, the two sequences arise from squaring
Eq. s1d. The first sequence is attributed to the difference fre-
quencies of the states superposed while the second sequence,
shifted to higher energies, is due to both the sum frequencies
and twice the individual frequencies of the superposed states
flabeledA−B and A+B, 2A, 2B, respectively in Fig. 2sddg.
The rotational recurrence time 1/8B0c appears in the FFT at
11.44 cm−1 and is indicated by a star on Fig. 2sdd. At 6.3
31013 W/cm2, another sequence begins to appear. This se-
quence coincides with the beat frequencies of the individual
pairs of states in the superpositionslabeledA or B aboved
and dominates at the highest laser intensity. The fact that
these beat frequencies emerge corresponds to the fact that the
local oscillatorELO increases in magnitude and transforms
the signal to heterodyne detected.

The remainder of the paper tries to understand the
mechanism governing the appearance of the local oscillator
in the O2 experiments. The questions we will answer include
whether the local oscillator is a result of some molecular
property or some additional scattering process, whether we
are able to manipulate the transformation from homodyne to
heterodyne detection using a control pulse, and what are the
underlying physics behind the effects of the control pulse?
We will show how the timing of the control pulse is critical
to trigger a transformation from homodyne to heterodyne
detection, providing very strong evidence as to the origin of
the local oscillator.

First, we can eliminate the effect of optical scattering of
the two pump beams from the entrance and exit faces of our
sample cell since the measured transient grating response of
fused silica is instantaneous in time30 and can only occur
near time zero. Similarly, optical heterodyning from scatter
of the probe can also be eliminated. A set of experiments
were carried out in which the probe beam intensity was var-
ied while keeping the intensity of the pump beams fixed
s3.331013 W/cm2d. The recurrence spectra recorded
showed no indication of optical heterodyning. This suggests
that the heterodyning is caused by the pump beams in the gas
sample and does not involve additional scattering processes.

Seideman3 and Stapelfeldt and Seideman31 have shown
that, with increasing laser intensities, Rabi cycling betweenJ
states can occur where various excitationssto higherJd and
deexcitationssto lower Jd lead to significant changes inJ
state distributions relative to a thermal Boltzmann distribu-
tion. Raman deexcitations have a lower limit ofJ=1 for O2,

while for Raman excitations, no restriction applies. From
here on, we call this rotational ladder climbing. As a result,
the averageJ of the rotational ensemble can be significantly
greater than the thermal averageJ before the laser/molecule
interaction, i.e.,Jensemble.Jthermal. The M state distribution,
however, should transfer over from lowerJ to higher
J sDM =0 for linearly polarized lightd. Because of this, there
is no longer a uniform distribution ofM values, leading to
additional alignment that is permanent, i.e., stationary, which
has been experimentally verified by a number of research
groups.6,7,24

We first hypothesize that the permanent alignment asso-
ciated with Rabi cycling in O2 can serve as a molecular local
oscillator. Then we perform experiments to corroborate this
hypothesis. In these experiments, permanent alignment can
be viewed as a static grating. As with the transient grating
that scatters probe light in a time-dependent fashion, the
static grating can scatter probe radiation into the same phase-
matching direction as the time-dependent signal, but the scat-
tering intensity is independent of time. The constant scatter
from the static grating is coherent and can interfere with the
time-dependent scatter of the probe. In this way, permanent
alignment serves as a local oscillator.

To see if rotational ladder climbing in O2 is actively
heterodyning our signal, we carried out a series of two-pulse
alignment experiments by first exciting a rotational wave
packet under weak-field conditions, 2.731013 W/cm2 si.e.,
no optical heterodyningd, with the pump grating pair and
then applying a second control pulses5.731013 W/cm2d, at
well-defined time delays. Experiment11,12 and theory13 have
shown that the control pulse initiates additional Rabi cycling
leading to an increase in either alignment or antialignment
smolecular axis aligned either parallel or perpendicular to
laser fieldd depending on the time delay and is more pro-
nounced around rotational recurrences. Therefore, by moni-
toring the extent of optical heterodyning, if any, as a function
of control pulse delay, we intend to determine whether addi-
tional Rabi cycling is the operative mechanism here.

A theoretical plot of the alignment parameterkcos2 ul as
a function of time is shown in Fig. 3 for O2. The plot is
calculated from Eq.s4d, assuming a laser field intensity of
2.731013 W/cm2. The role of Fig. 3 is twofold: First, it
illustrates the timing of the control pulse relative to the pump

FIG. 3. Theoretical plot of the alignment parameterkcos2 ul as a function of
time for O2. The plot is calculated using Eq.s4d and assuming a laser field
intensity of 2.731013 W/cm2. Alignment corresponds to values of
kcos2 ul.1/3 while antialignment corresponds to values ofkcos2 ul,1/3.
Also indicated on this plot are the delay times where the control pulsesPcod
is sent in for the data presented in Figs. 4 and 5.
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grating pair. Second, it serves to aid the discussions that will
follow from the data presented in Figs. 4 and 5. Figure 4sad
shows three recurrence plots where the control pulse was
sent in at 5.7, 5.8, and 5.9 ps delays, as indicated in Fig. 3.
The most striking feature of this plot is the sudden increase
in the base line when the control pulse is sent in at 5.8 ps
delay. The sudden increase in the base line is indicative of
additional probe scatter into the correct phase-matching di-
rection along the detector. We have verified that the addi-
tional scatter occurs only when all four beams are present
and vanishes when each of the pump, control, and probe
beams is blocked individually. In addition to the rotational
recurrence spectra, the FFTs at these delays are also shown
in Figs. 4sbd–4sdd. It is clearly evident that when the control
pulse is sent in at 5.8 ps after the grating pair, an additional

sequence of lines appearssas indicated by the comb of ar-
rowsd coinciding with the beat frequencies of individual
pairs of rotational states in the wave packet superposition
sthose labeledA or B previouslyd. It is interesting to note the
similarities between Fig. 4scd with Fig. 2sed.

The fact that enhanced Rabi cycling occurs when an in-
tense control pulse is incident on an already-aligned sample
provides strong support for the appearance of the base line
shift in O2. By rotational ladder climbing, we increase both
the time-dependent and the time-independent alignment. Al-
though the FWM detection does not allow us to measure the
extent of alignment quantitatively, as is possible by photo-
fragment imaging, we can rule out most of the possible
causes of a base line shift, such as additional scatter from the
control pulse or congestion in the time domain due to addi-
tional pairs of rotational beats excitedsby simulation of the
signald. This leaves us with the most probable cause, that is,
an increase in the formation of a static grating through per-
manent alignment, enabling additional scatter of the probe.
In fact, the most effective time delay for the control pulse to
enhance Rabi cycling is at the point of a recurrence when the
molecules are neither aligned nor antialigned, i.e., when
kcos2 ul=1/3.This is because the molecules that are moving
towards alignment/antialignment experience, in classical
terms, a greater impulsive force or torque from the control
pulse leading to an increase in their average rotational en-
ergy. This effect has been observed recently by Leeet al.11

While there is a clear enhancement in their dynamic
alignment/antialignment,11 there is no indication in their re-
sults that there is an increase in the permanent alignment.
Our detection setup, employing the forward boxcar tech-
nique, is a background free technique and hence is very sen-
sitive to measuring any additional scatter that may be caused
by the formation of a static grating. The number density of
molecules is also orders of magnitude greater than those of
molecular beams. It is therefore likely to be these experimen-
tal differences that allow us to detect the signature of an
enhancement in the permanent alignment of the molecules.
We also performed an FFT of time slices of the O2 recur-
rence data to see if the heterodyne component shows any
time dependence. As far as we can tell, there are no apparent
changes in the extent to which the data are heterodyned ver-
sus time. This suggests that it is very unlikely that a dynamic
alignment is somehow causing this transformation from ho-
modyne to heterodyne detected.

FIG. 4. sad Rotational recurrence plots for three different delays of the
control pulse, 5.7, 5.8, and 5.9 psslong dashes, solid line, and short dashes,
respectivelyd. The pump/probe and control pulses were kept at 2.731013

and 5.731013 W/cm2, respectively.sbd, scd, andsdd correspond to FFTs of
recurrence signals at these delays. Notice inscd the emergence of an addi-
tional sequence of peaks, indicated by a comb of arrows. This points to-
wards a switching from homodyne to heterodyne detection. The step in the
base linesad is indicative of additional scatter of the probe which is hypoth-
esized as being caused by an additional, time-independent grating. This
results from permanent alignment of the O2 molecules through enhanced
Rabi cycling after the interaction with the intense control field. This can
serve as a local oscillator to heterodyne the signal.

FIG. 5. Variation in the base line intensity as the con-
trol pulse is scanned through two successive recur-
rencess2.9 and 5.8 psd. sad corresponds to the probe
pulse fixed at 4 ps while the control pulse is scanned
from 2.65 to 3.15 ps whilesbd corresponds to the probe
pulse fixed at 7 ps and the control pulse scanned from
5.7 through 6.0 ps. Note that no spectral averaging is
employed and the lines through the points serve to
guide the eye. The base line is seen to rise to a maxi-
mum around the recurrence time.
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To confirm the enhancement in the base line, a series of
experiments were conducted in O2 in which the probe pulse
was first fixed at 7 pssFig. 5d. At this time, there are no
rotational recurrence peaks present. The delay of the control
pulse was then scanned between 5.7 and 6.0 ps to map out
the shift in the base line signal as a function of time delay.
Figure 5sbd shows that the peak in the base line shift is in-
deed around 5.84 ps, which is nearly in perfect agreement
with the predicted value of 5.82 psscrossover between align-
ment and antialignmentd. The small discrepancys20 fsd is
well within the resolution of our laser pulse durations50 fsd.
We have also carried out similar experiments at different
time delays. Figure 5sad corresponds to a fixed probe delay
of 4 ps sagain, not a rotational recurrence peakd while the
control pulse is scanned between 2.65 and 3.15 ps. Two
peaks are apparent, corresponding to the symmetric peak in
the kcos2 ul function sFig. 3d. Once again, the peaks appear
at the two crossover points between alignment and antialign-
ment; since there are two crossover points with similar
slopes, we observe two equally intense peaks in our signal.
The magnitudes of the peak heights in the two spectrafFigs.
5sad and 5sbdg are slightly different. The peak in Fig. 5sbd is
greater than either of the two peaks in Fig. 5sad. At the cross-
ing point, the molecules are essentially all in phase at 5.8 ps,
while at 2.8 and 3.0 ps they are either nearly in phase or
beginning to move out of phase. The effectiveness of the
control pulse at further aligning the molecules is less pro-
nounced therefore, which is manifested in the peak intensi-
ties.

It is worth noting that Comstock, Senekerimyan, and
Dantus22 proposed that heterodyning of their time-resolved
transient grating data in CO2 at high laser fields is likely
caused by plasma formation, which emits a continuous, spec-
trally shifted light pulse that decays on a very long time scale
s1 nsd. The light pulse, emitted also in the phase-matching
direction in which the FWM signal is formed, can interfere
with the FWM signal and heterodyne it. It seems unlikely
that this is the mechanism operating here. We tested this by
sending the control pulse into the O2 sample prior to the
grating pair to initiate a plasma emission. Figure 6 shows a
rotational recurrence signal in which the control pulse is sent
in 1.45 ps prior to the grating pair. Recurrences are now
observed at twice the frequency of the single pulse experi-
ments, with alternating intensities, but minimal optical het-

erodyning is observed in the FFTsnot shownd. If the plasma
emission had served as a local oscillator, the signal would
show optical heterodyning. Interestingly, the control pulse
creates a spatially uniform distribution of alignment in the
sample in this case and not a grating of alignment. After
1.45 ps delay, the ensemble of rotors become isotropically
distributedshalf the rotational recurrence timed. At this time,
the grating pairsPud, now incident on the sample, imposes a
grating of alignment. However, in the spatial areas of de-
structive interference caused by the optical interference of
the pump beams, the aligned molecules created by the con-
trol pulse are unaffected, i.e., their coherence is preserved.
As a result, two gratings are essentially present in the sample
resulting in two series, time shifted by half the rotational
recurrence period. The alternating intensities are a result of
the control pulse being twice as intense as the grating pair.
Since these are two-photon Raman excitations, the signal is
observed to increase approximately fourfold.

Thus, permanent alignment seems a plausible mecha-
nism to explain the optical heterodyning of the signal in the
O2 experiments. The effects of higher intensity control fields
were studied to determine whether the signal can be com-
pletely switched from homodyne to heterodyne detected, as
is evident in Fig. 2sfd. We found however that, beyond con-
trol pulse intensities of 5.731013 W/cm2, the transient grat-
ing signal significantly diminishes, most probably caused by
the detrimental effects from the high peak power of the con-
trol pulse, such as plasma formation. This still leaves us with
the question of whether or not the almost complete transfor-
mation to heterodyne-detected signal observed in Fig. 2sfd
can be attributed solely to permanent alignment. In order to
explore this further, we calculated how the alignment param-
eterkcos2 ul varies as a function of laser field intensity using
Eq. s4d. This allows us to assess the extent of Rabi cycling
through multiple Raman excitations. These calculations did
not include the effects of a control pulse, and we also as-
sumed the homodyne-detected signal to be directly related to
the square of the alignment parameterkcos2 ul, since for het-
erodyne detection the signal is proportional tokcos2 ul.32

The histogram in Fig. 7 summarizes the main results of
these calculations. The solid blocks represent calculations
obtained by evaluating Eq.s4d while the open blocks repre-
sent experimental data. The intensity of each block corre-
sponds to the ratio between the most intense individual beat

FIG. 6. Rotational recurrence plot in which the control pulse is sent into the
sample 1.45 ps prior to the grating pair pulses. Peaks appear at twice the
recurrence periodssee text for detailsd. The alternating intensitiess<4:1d
result from the twofold difference in intensity of the control and grating
pulses, respectively.

FIG. 7. Histogram plot depicting the change in the peak ratios of the cal-
culatedssolid blocksd and measuredsopen blocksd FFTs for the most intense
rotational state superposition peakDJ and the rotational recurrence peak
sRrec at 11.44 cm−1d. The data are for two field strengths of the pump pulses
corresponding to 531013 and 931013 W/cm2.
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frequency observed in the experimentse.g., superposi-
tions betweenDJ9↔11d and the rotational recurrence peak
sat 11.44 cm−1d from the FFTs. At a low intensity
s531013 W/cm2d, the experiment is modeled almost per-
fectly by the theory. However, at the higher intensity
s931013 W/cm2d, a significant enhancement in the indi-
vidual beat frequency peak relative to the rotational recur-
rence peak is observed experimentally, which the theory can-
not reproduce. Interestingly, the calculation gives as its most
intense peakDJ15↔17. This is not surprising since further
Rabi cycling at increasing laser fields can access higher and
higher rotational state superpositions. The experiment how-
ever shows no such obvious trend. What this implies is that
at higher laser fields, permanent alignment through Rabi cy-
cling cannot solely account for the almost complete
heterodyne-detected signal in O2 that is evident in Fig. 2sfd
and suggests that another mechanism is operative at higher
field strengths.

We have carried out measurements of ion signal produc-
tion in O2 as a function of laser intensity and have observed
that the production of O2 ions emerges at intensities in ex-
cess of 731013 W/cm2, coinciding with the almost com-
plete heterodyning of the datafFigs. 2scd and 2sfdg. Thresh-
olds in O2 ion production, similar to the ones here, have been
observed in previous experiments.33 Although at this point
this is merely conjecture, at these intensities the formation of
a stationary ion grating could begin to occur that has the
same spatial interference pattern as the transient grating.
Since the optical properties of the medium are different for
ions and neutralssnamely, the refractive indexd, the ion grat-
ing could also cause Bragg scattering of additional probe into
the same phase-matching direction as that of the transient
grating of aligned molecules. The additional scattered field,
once again coherent, would interfere with the time-
dependent scatter to heterodyne it. The ion grating mimics
the thermal gratings that have been observed by previous
research groups.34,35 In particular, Vöhringer and Scherer30

showed how thermal gratings could be a source of further
diffraction in the correct scattering geometry analogous to
the ion grating mechanism we suggest here.

It is important to note here that a stationary ion grating
could not be invoked to explain the changes observed in the
signal at lower field strengths. The control pulse experiments
conclusively show that the switching from homodyne to het-
erodyne detection at lower intensities occurs at times when
the molecules are approaching alignment or antialignment. If
an ion grating were operative, the switching would occur at
the point when the molecules were aligned with the electric
field of the control pulse, since this corresponds to the maxi-
mum in the ionization cross section and hence the maximum
ion production.7

V. SUMMARY AND CONCLUSION

DFWM signals in O2 show a marked dependence on
laser intensity. As the laser intensity increases, the FWM
signal clearly switches from homodyne to heterodyne de-
tected. The switching implicates the presence of a local os-
cillator that interferes with the scattered probe beam and het-

erodynes it. The local oscillator, at moderate laser intensities,
is very likely to arise from the molecular properties of the
system and is not a result of some additional background
scattering or plasma formation.

By employing a fourth, more intense laser field as a
control pulse, we can effectively trigger the creation of the
local oscillator and switch the signal detection from homo-
dyne to heterodyne detected. The experimental findings are
consistent with the idea that the control pulse enhances the
molecular alignment of the ensemble by inducing further
Rabi cycling and alignment among the rotors. The increased
rotational energy results in the formation of a static grating
of permanent alignment, which serves to scatter additional
probe light into the correct phase-matching direction to het-
erodyne the signal. The consistency of this model is evident
from the time dependence of the control pulse process. The
effectiveness of the control pulse is, by far, more pronounced
around times corresponding to the recurrence of the rota-
tional wave packet. In particular, when the revived wave
packet is approaching alignment or antialignmentskcos2 ul
=1/3d, the homodyne to heterodyne transformation is clearly
evident.

At high laser intensitiess.731013 W/cm2d, permanent
alignment through Rabi cycling cannot solely account for the
almost complete conversion to a heterodyne-detected signal
fFigs. 2scd and 2sfdg. The observed heterodyning of the signal
must be accounted for in some other way. At these intensi-
ties, the threshold for ionization is already reached leading to
a catastrophic modification of the sample. The ions that are
formed within the grating serve as an additional scattering
source. This is further corroborated by work carried out in
H2, which will be the topic of a future publication.36
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