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We study the spectral profile of Rayleigh scattered light from molecular species trapped in optical lattices
created by strong fields in the 1016 W m−2 range. We show that, for lattices with well depths on the order of
100 K, the motional sidebands imparted on spectra are shifted from the central Dicke-narrowed Rayleigh peak
by hundreds of MHz. Our calculations for these short duration �30 ns� lattices show that these spectral features
appear even in room temperature gases suggesting a new technique for measuring gas composition based on
the frequency offset of the sidebands. Finally, we study the role of field-induced molecular alignment within
the lattice and calculate its effect on the shape and position of the sidebands.
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I. INTRODUCTION

The confinement of atomic and molecular gases to spatial
scales comparable to the wavelength of light leads to sub-
Doppler linewidths via the Dicke effect �1�. Such narrow-
bandwidth spectral features have been observed in atoms and
molecules in the optical �2�, infrared �3�, and microwave
region �4�, where the mean free path of the emitter is com-
parable to the wavelength of light. Such a situation can oc-
cur, for example, by confinement in a buffer gas for the op-
tical and infrared regime or by the walls of the gas vessel for
the microwave regime. A similar process results in the nar-
rowing of x-ray spectra via the Mössbauer effect �5�. In this
case the momentum due to recoil following emission of a
high energy photon is taken up by the lattice of the crystal
structure. In all cases the momentum of the absorber or emit-
ter is transferred to its environment so that the momentum
and thus the motional Doppler shift is reduced or eliminated.

Externally applied fields can also tightly confine atoms
and molecules to spatial scales comparable to the absorbed
or emitted wavelength such that their spectra are Dicke nar-
rowed. This was predicted some time ago by Letokhov et al.
for atoms confined to a standing wave field �6�. These fea-
tures have been observed in the spectra of cold atoms or ions
confined by an externally applied optical or electrostatic po-
tential �7–9�. Such cold species can be deeply bound in even
relatively weak potentials in the �K to mK range. As these
species are bound within nearly harmonic potentials, they
have the familiar central elastic scattered narrow peak that is
Dicke narrowed due to confinement, while a second spectral
feature results from the oscillatory motion of the particles
within the potential. These oscillations produce two or more
sidebands separated from the central Rayleigh peak, shifted
by multiples of the primary vibrational frequency. These fea-
tures can also be described by Raman transitions between
quantized vibrational levels within the potential. The spectra
of cold atoms trapped in these types of optical potentials,
which are created by the interference of two of more light
fields �optical lattices�, has been well studied. In these rela-
tively weak �1 mK� potentials oscillation frequencies in the
100 kHz range are observed, and such shifts in frequency

from the Rayleigh peak can be measured accurately using
heterodyne techniques in absorption and by Bragg scattering
of a probe beam from the periodic arrangement of atoms in
the lattice �10,11�. The measurement of these spectral pro-
files has been used to determine temperature and to study
lattice dynamics. In addition, the quantized nature of the en-
ergy levels has been utilized for dissipative Raman sideband
cooling of the atoms trapped in the lattice �12�.

Recently we have studied the motion of molecules and
atoms in deep optical lattice potentials that are 104−106

deeper than are typically used to confine ultracold atoms.
These 10–1000 K deep potentials are produced by pulsed
light fields in the 1016 W m−2 range and are deep enough to
manipulate even room temperature atomic and molecular
gases. The large optical forces that result have also been used
to slow cold �1 K� molecules in a molecular beam where the
deceleration results from the molecules undergoing a half
oscillation within the wells of the optical lattice �13�. Bragg
scattered light from room temperature �295 K� gases that are
briefly trapped in the lattice has also been measured as a
function of lattice velocity �14�. This technique, called co-
herent Rayleigh scattering, has been used to measure tem-
perature in flames and in weakly ionized gases. When a sig-
nificant fraction of the gas is trapped by the lattice, a
narrowing of the coherent Rayleigh scattering signal has
been observed and indicates confinement of the atoms. This
scheme was, however, not sensitive to the measurement of
the Dicke narrowed Rayleigh peak and vibrational sidebands
observed in cold atoms trapped in lattices.

In this paper we study the spectral profile of molecules
trapped in deep one-dimensional �1D� optical lattices. In par-
ticular, we study the spectral profile of elastically scattered
light along the axis of the lattice. We show that molecules
trapped by short pulsed lattices in the 30 ns range will have
a Dicke narrowed Rayleigh peak and vibrational sidebands
with frequency shifts in the �100 MHz� range. We show that
these spectral features will appear in room temperature gases
up to pressures of 200 torr. Lastly, we explore the effect of
adiabatic alignment of molecules in the lattice induced by the
strong fields and calculate the effect of this process on the
spectral features of trapped molecules.
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II. THEORY

To calculate the spectra of trapped molecules we use the
formalism detailed by Rautain and Sobelman �15�, where the
frequency dependence of the scattered light intensity is given
by

I��� =
1

�
Re �

0

�

e−i�t��t�dt . �1�

The function ��t� is the correlation amplitude of emitted
radiation given by ��t�=�dv�e−ik·rf�r ,v , t�dr, where
f�r ,v , t� is the molecular distribution function which varies
in space �r�, velocity �v�, and time �t�, and k is the wave
vector of the radiation.

The 1D molecular distribution function along the lattice
direction x, is calculated from the Boltzmann kinetic equa-
tion with the periodic dipole force of the lattice F. The Bolt-
zmann equation is given by

� f

�t
+ v� · �f +

F

M
·

� f

�v
= Ic, �2�

where the interaction between the applied counterpropagat-
ing fields of intensity I1�t� and I2�t� leads to a 1D potential
well, U�x , t� �13�, whose negative gradient yields a force

F�x,t� = −
2��I1�t�I2�t�

�0c
k sin�2kx + �0� . �3�

In this expression � is the effective polarizability, which has
been shown to be well approximated by the static polariz-
ability at the intensity and detuning from resonance consid-
ered here. The variable �0 is the initial phase and k is the
magnitude of the wave vector.

Although there are radial and axial forces within a 1D
lattice created by a typical Gaussian laser beam, we need
only treat motion due to the larger axial forces along the
direction defined here to be the x axis because we consider
short pulsed fields of 30 ns duration �16�. To calculate the
distribution function we use the initial condition f�x ,v ,0�
=NWM�v�	�x�, which corresponds to the usual 1D Maxwell-
Boltzmann distribution function for a gas in thermal equilib-
rium. The unperturbed gas density is given by N, and the
normalized Maxwellian distribution function is defined as

WM�v�=
exp�−Mv2/2kBT�

�2�kBT/M�1/2 . For the Dirac delta function 	�x� we
use the continuous representation in the form 	�x ,
�
= exp�−�x/
�2�


�1/2 , 
→0 �17�. The collisional integral has the form
of Ic=−�c��f�x ,v , t�−WM�f�x ,v� , t��dv�	, where �c is the
collision frequency �15�.

At a given initial phase �0, the kinetic equation is solved
at each spatial point x, and the result is averaged over the
optical lattice wavelength � /2, where � is the wavelength of
the radiation. The process is the same as averaging over all
initial phases from 0 to 2�, where

I��� =
1

2�
�

0

2�

I��,�0�d�0. �4�

We solve the 1D nonstationary Boltzmann equation �4� using
the explicit second-order MacCormack method �18�, apply-

ing periodic boundary conditions over one lattice period. To
reduce dispersive nonphysical ripples in this scheme, the 1D
flux-corrected transport method was used �19�. This method
was applied on each time step alternatively in the x and v
directions.

III. SPECTRAL PROFILES

We apply the above formalism to the calculation of spon-
taneous Rayleigh scattering spectra of CO2 gas along the
lattice axis at room temperature �295 K� and a pressure of 5
torr along the direction of the lattice. We consider the situa-
tion where the gas is trapped and perturbed by a lattice pro-
duced by fields of constant intensity and duration of 30 ns.
Such fields, with a near flat-top temporal profile, can be pro-
duced using commercially available pulsed laser systems us-
ing pulse slicing technology. The counterpropagating optical
fields are at a wavelength of 532 nm producing lattice peri-
ods of 266 nm. The spectral profiles observed along the axis
of the 1D lattice are shown in Fig. 1. For comparison, this
figure also contains the 1D Gaussian spectral profile of the
gas when no lattice field is applied �dashed line�. The lattice
spectra in Fig. 1 are calculated for optical well depths of
U /kB=15 K, 78 K, and 157 K corresponding to equal lattice
beam intensities of 2.51015 W m−2, 5.01015 W m−2

and 1.01016 W m−2, respectively. Each spectrum shows
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FIG. 1. �Color online� Spectral profiles of Rayleigh scattered
light of molecules trapped in a pulsed optical lattice. The spectra of
CO2 gas for lattices with well depths U /kB=15 K �a�, 78 K �b�, and
157 K �c� are shown. The elastic Dicke narrowed peak and the near
elastically scattered vibrational sidebands can be seen for a gas
initially at a temperature of 295 K and a pressure of 5 torr. For
reference, we also include the unperturbed spectra of the gas in each
figure shown as the dashed line.
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the vibrational sidebands and the Dicke narrowed Rayleigh
peaks, even though not all the gas is captured by the optical
potential. The sidebands are shifted by approximately three
orders of magnitude greater than observed in cold atom spec-
tra, with the peak of the motional sidebands at �117, �230,
and �326 MHz, respectively. The vibrational features are
broader than the central Dicke narrowed peak due to the
anharmonic nature of the lattice potentials. A maximum fre-
quency shift of the sidebands can be estimated for molecules
at the bottom of the well where it is approximately harmonic.
The simple harmonic motion in this region produces a fre-
quency shift given by

� = �
k

�
���I1I2

�0cM
, �5�

where M is the mass of the particle and all other variables
are defined above. The maximum frequency shift determined
from Eq. �5� for the three well depths is 144, 322, and 457
MHz and is in good agreement with the calculated spectral
profiles of Fig. 1 where the motional sidebands begin to rise
above the Doppler profile.

Although we have considered the classical motion of mol-
ecules in the lattice, the molecular motion will be quantized
with the lowest vibrational states within the lattice separated
by 	E=�2��. For the deepest lattice of well depth 157 K
considered here energy levels are separated by 	E /kB
=22 mK. Due to the short interaction time �30 ns� and the
high frequency of oscillation, such quantization should be
measurable in a cold molecular beam where energy spreads
of �100 mK can be achieved. For molecules seeded into
these cold beams, the sidebands will become asymmetric re-
vealing the quantized nature of the motion �7�, providing that
the population in the few occupied levels has a Boltzmann
distribution. We also note that molecules trapped in these
few states �vibrational levels� will be localized to within a
few nanometers based on the spatial extent of the ground
state wave function given by �2� / �M2����1/2 �8�, which cor-
responds to 1 nm for a well depth of 157 K.

The Rayleigh peak and the motional sidebands shown in
Fig. 1 persist even at high pressures due to the relatively fast
oscillations induced by the deep wells. This can be observed
in Fig. 2, which are plots of the spontaneous scattering spec-
tral profile of trapped CO2 gas as a function of pressure from
5 torr to 100 torr at an initial temperature of 295 K for a
fixed lattice well depth of 78 K. Figure 2 shows that the
sidebands broaden with higher collision frequency due to the
damping of the coherent oscillations within the lattice, while
the height of the central peak reduces as collisions with un-
trapped molecules reduce the number of molecules trapped
and localized by the lattice.

Since the polarizability-to-mass ratio can be used to
uniquely identify a species �21�, a measurement of the loca-
tion of the sidebands in the Rayleigh scattering spectrum
suggests a new approach to gas phase diagnostics. To illus-
trate this concept, spontaneous Rayleigh scattering spectra
for xenon and carbon dioxide calculated using a lattice beam
intensity of 51015 W m−2 are shown in Fig. 3. This inten-
sity corresponds to a well depth of 78 K for CO2 and 108 K

for xenon. Although the xenon well depth is deeper due to a
large polarizability of 4.510−40 Cm2 V−1 when compared
to that of CO2 �3.210−40 Cm2 V−1�, its Raman sidebands
at 152 MHz have a smaller shift than CO2 �226 MHz� be-

FIG. 2. �Color online� Spontaneous Rayleigh scattering spectra
of CO2 gas at 295 K in a lattice as a function of pressure from 5 torr
to 200 torr for a well depth of 78 K. The graph at the top of the
figure shows, for reference, the unperturbed Gaussian spectral pro-
file. The sidebands and narrowed Rayleigh peak can be observed
even when the collision frequency far exceeds the frequency shift of
the sidebands and the average time between collisions is much less
than the pulse duration of the fields.

FIG. 3. �Color online� A comparison between the trapped spec-
tral profile of CO2 �solid line� and Xe gas �dashed line� at 295 K
using lattice beam intensities of 51015 W m−2.
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cause of its larger mass �Eq. �5��. The maximum frequency
of each sideband again corresponds well to that predicted by
Eq. �5�. It is clear that a mixture of species that do not collide
over the duration of the laser pulse will produce separate
vibrational sidebands that could be used to determine both
the type of species by the frequency shift and the concentra-
tion by the height of each sideband. We note that because
such high intensities are used, the gas pressure will be lim-
ited by optical breakdown to approximately several hundred
torr.

All of the main spectral features calculated in Figs. 1–3
have been observed in the spectra of cold atoms, albeit at
much smaller frequency scales. At higher intensities above
1015 W m−2, and at low rotational temperatures, the field-
induced alignment and the subsequent modification of the
effective polarizability must be taken into account, a process
that does not occur in atoms with a scalar polarizability. Mo-
lecular alignment changes the effective polarizability and
thus the well depth and also the shape of the potential, ulti-
mately leading to a modification in the spectral profile of
molecules trapped in the lattice. At the intensities that we
consider, almost complete alignment can be achieved in
many cold molecular species. The alignment is characterized
by the angle �, between the symmetry axis of the molecule
and the polarization vector of the field. In all linear mol-
ecules the symmetry axis, which is along the bond axis, is
perpendicular to the angular momentum vector. The Hamil-
tonian for a linear molecule in a linearly polarized field re-
duces to �22�

H = BJ2 −
1

2

I�x,t�
�0c

�
� cos2 � + ��� , �6�

where B is the rotation constant for the molecules, J is the
angular momentum operator, and 
�=�
 −��, where �
 and
�� are the parallel and perpendicular polarizabilities with
respect to the molecular symmetry axis. The expectation
value of cos2 � is determined by calculating the total rota-
tional wave function of the molecule expressed as a super-
position of field free eigenfunctions, whose coefficients are
found by numerical solution of the Schrödinger equation
�22�. To study this effect on the spontaneous Rayleigh scat-
tering spectra we only consider adiabatic alignment by cal-
culating the effective polarizability as a function of field in-
tensity. This effective polarizability is used to modify the
optical force �Eq. �3��. The Boltzmann equation approach
outlined above cannot be solved accurately when applied to
the narrow velocity distribution of a 2 K molecular beam. To
determine spectral profiles for this case we directly calculate
the trajectories of a large range of particles subject to the
periodic optical force of the lattice �Eq. �3��. The particles
are initially uniformly distributed over a lattice wavelength
with a 1D thermal velocity distribution. The spectral profile
of each particle is calculated via the approach of Galatry
�20�, where the spectral profile is given by Eq. �1� and the
correlation function for each particle is given by �c�t�
=�exp�− 2�i

� �x�t0+ t�−x�t0��	dt0. The spectral profile for each
particle is finally summed to determine the response of the
ensemble. We have shown that the same results can be ob-

tained from the correlation function determined by solution
of the Boltzmann equation where few collisions occur during
the lattice pulse. Figure 4 contains the Rayleigh spectra cal-
culated for CS2 with this intensity dependent effective polar-
izability using the Galatry formalism using lattice beam in-
tensities of 11016 W /m2. For comparison, we also show
the spectrum obtained using the average value of the polar-
izability of �ef f =9.710−40 Cm2 V−1. Both spectral profiles
show broad motional sidebands for both the average and
intensity dependent polarizability with the peak of each case
at 526 and 708 MHz from the central Rayleigh peak. The
much larger frequency shift and width of the sidebands,
when the intensity dependent polarizability is used, is due to
the larger maximum well depth of 427 K compared with 264
K for the averaged polarizability. The intensity dependent
polarizability also leads to an increased anharmonicity in the
lattice potential as it is no longer purely sinusoidal. For fre-
quency shifts in the motional sidebands of less than 304
MHz, the line shapes for both the constant and intensity de-
pendent polarizability is the same. This occurs because the
intensity dependent polarizability is approximately equal to
the average polarizability in the low intensity regions of the
lattice where the force on the molecules is relatively weak.
However, near the antinodes of the interference pattern
where the intensity is near its maximum, the molecule aligns
and the effective force and thus oscillation frequency is
larger. This is observed in the spectra of the sidebands for
frequency shifts greater than 304 MHz where the line shapes
for each case diverge.

IV. CONCLUSIONS

We have presented calculations of the spontaneous Ray-
leigh scattering spectrum for room temperature and cold �2

FIG. 4. �Color online� The spectral profile of CS2 gas at 2 K
trapped in optical lattice utilizing the average polarizability and the
intensity dependent polarizability due to field-induced alignment of
the molecules. Both spectra are calculated using lattice beam inten-
sities of 11016 W m−2. The dashed line represents the spectral
profile calculated using the average polarizability and the solid line
due to the intensity dependent polarizability. In both cases the
Dicke narrowed peak is the dominant spectral feature. The inset is a
graph with an expanded vertical axis of the main figure, which
shows the difference between the vibrational sidebands of the lattice
for the two cases.
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K� molecules trapped in deep optical lattices. These calcula-
tions have been based on realistic experimental parameters
that have been used for slowing molecules in molecular
beams and for four-wave mixing measurements using coher-
ent Rayleigh scattering. By using fields that are several or-
ders of magnitude greater than that used in cold experiments,
we have shown that the same spectral features should be
observed over much shorter time scales �30 ns� with mo-
tional sidebands shifted by up to 700 MHz. We have shown
that the large oscillation frequency within the wells means
that the sidebands can be observed at even relatively high
pressures, suggesting that this phenomena could be used as a
nonresonant technique for measurement of species type and
concentration. In addition, the Dicke narrowed peaks could

be used for high-resolution molecular gas phase spectros-
copy at room temperature up to pressures in the 100 torr
range. The large oscillation frequency also implies that quan-
tized motion within the potential could be observed in a cold
molecular beam. As the oscillation frequency is proportional
to the square root of the polarizability-to-mass ratio and this
value does not change by more than an order of magnitude
for any polarizable particle, these spectral features could, in
principle, be observed in more massive molecules and par-
ticles. Finally, we have explored the effect of the intensity
dependent polarizability induced by molecular alignment of
CS2 and show that the anharmonicity and the deeper well
depth are manifested in the motional sidebands of the spec-
tral profile of the trapped gas.
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