
Spectral Narrowing in Coherent Rayleigh Scattering

H. T. Bookey
Physics, School of Engineering and Physical Sciences, Heriot-Watt University, Edinburgh, Scotland EH14 4AS, United Kingdom

M. N. Shneider
Department of Mechanical and Aerospace Engineering, Princeton University, Princeton, New Jersey 08544, USA

P. F. Barker
Department of Physics and Astronomy, University College London, WC1E 6BT, United Kingdom

(Received 9 May 2007; published 26 September 2007)

Spectral narrowing of the coherent Rayleigh scattering line shape in a room temperature CO2 gas
(2:5� 1023 m�3) with intense fields in the 1015 W m�2 range is observed. The line shape saturates to a
width of approximately half that observed at low pump intensities and indicates a transition from
scattering primarily from untrapped molecules to that from both trapped and untrapped molecules that
are localized by the deep (60 K) optical potentials produced by the pump beams. At higher densities
(5� 1024 m�3), collisions between the trapped and untrapped molecules broaden the spectral profile.
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In atomic and molecular gases the finite momentum
spread of an ensemble of particles leads to the broadening
of spectral profiles due to the Doppler effect. One impor-
tant interaction that leads to the narrowing of spectral
features occurs when the particles are confined to a region
comparable to or smaller than the wavelength of light used
to excite the species. This effect was first considered by
Dicke [1], but was also observed by Mössbauer in the
absorption spectrum of gamma radiation in the crystal
structure of a solid due to the confinement of the atomic
species [2]. Dicke narrowing is commonly observed in
spectral profiles in high-density gases [3], but in more
recent years this effect has also been studied in the spectra
of ultracold ions and neutral atoms that are tightly confined
in well-defined potentials created by an externally applied
field [4,5]. These spectral features are particularly apparent
within the spatially periodic optical traps of an optical
lattice which has dimensions on the scale of an optical
wavelength [6]. Because of the periodic nature of the
trapped atoms in an optical lattice, phase matched scatter-
ing [7] can be used to probe long range order [8] and
atomic dynamics [9] within the trap. In this Letter, we
describe the first observation of Bragg scattering or coher-
ent Rayleigh scattering from a relatively ‘‘hot’’, room
temperature gas which is trapped by deep optical lattice
potentials, utilizing a far off-resonant pulsed optical field.
In our experiments we observe a spectral narrowing in a
coherent scattering process that arises due to the confine-
ment and trapping of room temperature particles in deep
optical lattices but in our case is not attributed to the Dicke
or Mössbauer effect.

Coherent Rayleigh scattering is an optical, four-wave
mixing technique [10] that has been used to determine
temperature and gas composition from the scattered line
shape. This nonresonant four-wave mixing process, which

is similar to other nonresonant grating based techniques
[11,12] , uses two crossed pump beams I1 and I2 as shown
in Fig. 1, to create a density grating in the sample via a
periodic optical dipole force. The dipole force perturbs the
motion of the molecules that are travelling near to the
speed of the interference pattern of the crossed pump
fields. By tuning the frequency difference between the
two pump fields a perturbation centered at a particular
velocity within the Doppler profile is created. The relative
magnitude of the induced density perturbation at each
velocity or frequency difference, can be determined by
measurement of the relative intensity of a third Bragg
scattered probe field, I3, as shown in Fig. 1. For nonde-
pleted pump fields, the intensity of the Bragg scattered
field is Is � ��2I1I2I3 where �� is the periodic density
perturbation induced by the two pump beams. The relative
strength of �� at different pump field detunings determines
the strength of scattered signal field and ultimately the

FIG. 1. A diagram illustrating the nonresonant four-wave mix-
ing process that forms the coherent Rayleigh scattering signal.
Pump beam 1 and 2 form a density perturbation in the gas via the
dipole force and a weaker probe beam is Bragg scattered from
the density perturbation to create the signal beam which is
recorded as a function of the detuning between the two pump
beams.
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coherent Rayleigh scattering (CRS) line shape. The mag-
nitude of this density perturbation is controlled by the
depth of the optical potential induced by the two pump
beams along the x axis and is given by U�x; t� �
2�I
c"0

cos2�qx��t�, where � is the polarizability of gas,

I�t� �
��������
I1I2

p
; I1, I2 are the intensities of each pump

beam, q is the wave vector of the interference pattern and
� is the frequency difference between the two pump
beams. The perturbation at each pump frequency is deter-
mined by solving the Boltzmann equation subject to the
external periodic force of the optical potential (F � �rU)
[13]. The square of the induced density at each velocity is
given by ��2 � �2

R2�=q
0 j

R
1
�1 �f�x; v; t�dvj

2dx, where
�f�x; v; t� is the optically induced periodic perturbation
to the equilibrium velocity distribution function. For low
intensities (<1014 W m�2), where U=kb � T, the total
perturbation, ��, to the velocity distribution function of
the gas is small and nonintrusive measurements of the gas
temperature can be made [14,15]. At low intensities in the
collisionless regime, an analytical solution to �f has been
found and the spectral profile is well approximated by a
Gaussian function that is approximately 10% wider than
the spontaneous Rayleigh scattering line shape [10].
Collisions affect this line shape at higher densities when
the mean free path is comparable to the grating period. In
this regime the line shape is broadened and dominated by
Brillouin features [16]. In this Letter we report on the
observation of line narrowing in CRS line shapes in the
high intensity regime where the periodic optical potential
created by the pump beams is large enough so that unlike
conventional CRS, trapped molecules become the major
contributor to the CRS signal [17]. We explore primarily
the collisionless regime, but also consider scattering at
higher densities in the kinetic regime where collisions
affect this process.

To understand how changes in the CRS line shape occur
with an increase in pump intensity, it is useful to consider
how the velocity distribution function of the gas changes
with intensity. Figure 2 contains plots of the 1D distribu-
tion function of CO2 gas at 295 K (� � 2:88�
10�40 C m2=V) in the (x, v) plane where the x direction
is along the axis of the counterpropagating pump beams
and v is the velocity along this axis. The color in the graph
indicates relative density. Figure 2(a) is the distribution
function in the absence of the potential and Figs. 2(b) and
2(c) are for two optical potentials of well depth 3.9 and
62 K. The perturbed distribution function is calculated by
numerical integration of the collisionless Boltzmann equa-
tion. Figure 2(b) shows the distribution function modified
by the weakest optical potential U=kb � 3:9 K� T
(2:5� 1014 W=m2) traveling at a velocity of 236 m s�1.
Also shown on this graph are two lines equidistant around
the velocity of the potential which represents the maximum
and minimum range in velocity that trapped particles

within the potential can attain, given by �v �
���������
4aI
c"0M

q
.

Note that this periodic perturbation along the x axis leads
to the coherent scattering signal. This relatively weak
perturbation extends significantly beyond the bounds of
the trapped region in the v axis of the distribution function
and accounts for the broadened CRS spectral profile which
is 10% wider than the spontaneous scattered profile. This
occurs because even when the velocity of the optical lattice
is detuned into the wings of the velocity distribution func-

FIG. 2 (color online). Calculated 1D velocity distribution
functions for CO2 gas subject to the periodic potential of the
pump fields (T � 295 K) in, (a) the absence of the field and,
(b) when a weak optical potential of well depth (3.9 K) is applied
to the gas. Graph (c) is the perturbation for a larger potential
(62 K) where the perturbation is more localized within the
trapped region.
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tion (i.e., when the velocity of the potential exceeds the
236 m=s values shown in this figure), perturbations from
near the center of the distribution, where the density is
high, contribute significantly to ��2 and thus the scattered
signal even when they are not trapped. Figure 2(c) is the
calculated perturbation to the distribution function for a
higher intensity case in which U=kb � 62 K� T (4:0�
1015 W=m2). The two horizontal lines represent the maxi-
mum extent of molecules trapped by the potential which is
now clearly visible as the elliptical regions with closed
contours centered at the velocity of the potential. The
trapped molecules in this region are forced to oscillate
within the potential and this motion creates a plateau
within the distribution function at a density that is approxi-
mately equal to the unperturbed density at the velocity of
the optical potential. Like Fig. 2(b), the whole distribution
function is perturbed by the potential, but now the largest
perturbation is produced within closer proximity to the
trapped region. This group of molecules within a smaller
velocity spread will dominate the scattering process at this
velocity. As the value of the average distribution function
in this plateau region is approximately equal to that of the
original distribution function we can expect that at this, and
similar velocities where a significant fraction of the distri-
bution is trapped, the CRS signal will be approximately
proportional to the square of the original distribution func-
tion which is less than half the width of the CRS signal at
low intensity. Our calculations for larger well depths show
that even when a wider plateau is created the average value
of the perturbation in the trapped region is still approxi-
mately equal to the unperturbed distribution function and
thus we expect that the spectral profile will have a similar
width over a wide range of potential well depths where
most of the perturbation comes from trapped particles.
Figure 2(c) also shows that a significant fraction of mole-
cules are never trapped by the potential because they are at
an initial velocity and/or phase with respect to the potential
where they cannot be trapped. This untrapped fraction
increases as the velocity of the optical potential is in-
creased and we should expect that the profile in the wings
should be similar to that observed at low intensity where
the majority of the perturbed distribution function is not
trapped by the potential.

To measure the line shape at high intensity we employ
narrow bandwidth CRS scattering [15,18]. To produce the
three beams used for CRS, the output from a frequency
doubled Q-switched Nd:YAG laser operating at 532 nm
(100 MHz bandwidth) was split into two beams to form
pump beam 1 and the probe beam. A narrow-band
(100 MHz) CW Nd:YAG laser was pulse amplified and
frequency doubled to produce pump beam 2. All beams had
pulse durations of �10 ns and approximately Gaussian
spatial and temporal profiles. The probe beam polarization
was orthogonal to that of the two pump beams which were
focused into a gas cell by two 200 mm focal length lenses
producing an interaction length of approximately 10 mm.
The gas cell was 300 mm long and had antireflection

coated windows. The probe beam counter-propagated to
the path of pump 1 and the resulting CRS signal counter-
propagated to pump beam 2. The signal polarization was
orthogonal to the pump beam polarization and was ex-
tracted by a polarizer which was then passed through
another polarizer to remove scattered light and focused
onto a silicon photodiode. The frequency of pump beam
1 and the probe was scanned and the frequency difference
was determined by measurement of the beat frequency of
the fundamental radiation on a fast InGaAS photodiode.
CRS spectra were recorded by scanning the frequency
difference between the two pump lasers and measuring
the relative intensity of the scattered probe light. All of
these signals were integrated over 10–100 shots on a
boxcar averager at each frequency difference.

CRS spectra were recorded for CO2 gas at room tem-
perature (295 K) and at pressures of less than 200 mbar
over a range of peak intensities defined as I �

��������
I1I2

p
of

2:5� 1014 W m�2 (3.9 K) to 4:0� 1015 W m�2 (62 K).
Figure 3 shows recorded spectra at the two extremes of this
intensity range, as well as the calculated CRS spectral
profile determined from measurements of laser intensity,
pulse shape, and spatial profile. The relative intensity of the
CRS scattered light for these two extremes differs by
approximately 3 orders of magnitude and thus for com-
parison of the two spectral profiles we normalise the profile
for each case to the peak value at zero detuning for that
intensity. For the low intensity case shown in Fig. 3 (2:5�
1014 W m�2), the line shape is well approximated by the
near Gaussian profile as predicted from conventional co-
herent Rayleigh scattering also shown in this figure. In
contrast, the high intensity spectral profile shows the ex-
pected narrowing near line center and also the occurrence

FIG. 3. A comparison between coherent Rayleigh scattering
spectral profile from CO2 gas at two pump intensities of 2:5�
1014 (circles) and 4� 1015 W m�2 (triangles). Spectral narrow-
ing to approximately half the width at low intensity is observed
and is in good agreement with the predicted line shape (solid
lines). Also shown for reference is the Doppler profile from
spontaneous Rayleigh (dashed line) and a profile that is propor-
tional to the square of the original distribution function (dot-
dashed line).
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of wide pedestals in the wings that coincide with the low
intensity CRS profile at the largest pump laser detunings.
Both of these effects agree generally with our expectations
from Fig. 2(c) and also with the simulations of utilizing the
parameters of the optical fields in the experiment. The
slight asymmetry in the higher power CRS spectrum was
found to originate from a phase mismatch due to a beam
pointing instability in one of our lasers [18]. Also plotted
on this graph is the square of the original distribution
function which was found to approximate the CRS signal
near line center, but not in the wings where few of the
molecules are trapped by the potential. The variation in
line shape and the expected saturation of the narrowing
with pump intensity is more clearly shown over the inten-
sity range that we considered when we plot the full width
half maximum (FWHM) of the CRS spectrum as a function
of pump beam intensity as shown in Fig. 4. The measured
widths are indicated by the squares and the red points are
the calculated spectral widths over a wider intensity range
than we used in our experiments. This figure shows clearly
the narrowing of line shape by a factor of approximately 2
with an order of magnitude change in the pump intensity,
and agrees well with the calculated profiles.

We have found that as the pressure of the gas is increased
to the point where the mean collision time is shorter than
the pulse duration, collisions lead to loss of molecules from
the trapped region. This process has the same effect as
reducing the well depth of the potential and thus scattering
becomes dominated by untrapped particles. The line shape
for this case was found to broaden to approximately the
width observed in the collisionless regime at low intensity
in Figs. 3 and 4 and this was observed with increasing
pressure from 10 to 200 mbar.

In conclusion, we have observed a new type of spectral
narrowing and saturation of the CRS signal which we
attribute to the increased localization of molecules near

and within the optical potential induced by the two pump
beams. The narrowing is a spectral signature that the
potential is large enough to trap a significant fraction of
the distribution function even for the brief 10 ns duration of
the applied optical fields. The narrowing of the CRS spec-
trum has important implications for the accuracy of diag-
nostic applications of this technique [19] when high
intensities are used because within a relatively small in-
tensity range the spectral line shape can change signifi-
cantly. It should also be apparent in Bragg scattered spectra
from ultracold atoms trapped when using the coherent
Rayleigh scattering as described here. The narrowed CRS
line shape observed in our experiments is not Dicke nar-
rowing since the scattered signal intensity is proportional
to the total induced density perturbation at each pump
beam frequency difference and not the total spectral profile
of the scattered light. Dicke narrowing should however
also be observed in the spectrally resolved Rayleigh scat-
tering along the axis of the pump beams and in resonant
absorption processes induced by a third field. This feature
may be a useful means for performing nonresonant, near
Doppler free measurements in room temperature gases.
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FIG. 4 (color online). The full width half maximum of the
coherent Rayleigh scattering line shape with increasing pump
intensity. The squares, with error bars, are the experimental
points and the circles are the calculated values.
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