
VOLUME 75, NUMBER 15 PH YS ICAL REVIEW LETTERS 9 OCTOBER 1995

Bragg Scattering from Atoms in Optical Lattices
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We observe coherently enhanced reflection (Bragg scattering) of a near resonant laser beam from
cesium atoms ordered by a periodic array of optical potential wells known as an optical lattice. The
rejected light is enhanced by a factor of -10 over scattering from a disordered atomic sample. We
measure the magnitude of the reflectivity and its detuning dependence as functions of the density and
the degree of localization of the atoms. The change in lattice constant due to the frequency-dependent
effective index of refraction seen by the lattice light field is observed.

PACS numbers: 42.25.Bs, 32.80.Pj

Optical lattices are periodic light-shift potentials for
atoms, created by the interference of multiple laser beams.
In these light fields, atoms are laser cooled and local-
ized at the potential minima with spatial extents smaller
than the wavelength of the lattice light [1—3]. We re-
Hect (Bragg scatter) a laser beam from the atomic sample
to probe the long-range periodic order of the atoms. In
contrast to previous nonlinear wave mixing experiments
[4—6], we scatter probe light only after the lattice beams
are turned off. This avoids any contribution from lattice
light scattered from atomic polarization gratings formed
by the interference of lattice and probe waves. In prin-
ciple, our experiment is identical to x-ray diffraction ex-
periments demonstrating periodicity in solid-state crystals.
However, the optical lattice constants are on the order of a
micron rather than an angstrom, and therefore Bragg scat-
tering occurs at optical wavelengths.

Our three-dimensional optical lattice for Cs atoms
is created by the interference of two pairs of linearly
polarized laser beams as shown in Fig. 1 [7,8]. The
lattice beams have a diameter of about 10 mm, a uniform
intensity, typically 1 mW/cm, and a typical detuning
of five natural linewidths (I /2~ = 5.2 MHz) below
the 6Stlz(F = 4) 6P3I2(F' = 5) transition at At. =
852 nm. The resulting light field has points of pure ca+

and o. polarization (with respect to z), each arranged
as a centered tetragonal lattice, with a spacing between
sites of opposite polarization of approximately At. /2~2
along z and At/~2 along x and y. Atoms are cooled
and trapped at these sites, where they are optically
pumped predominately into the states F = 4, IF = ~4,
respectively. The loss of atoms to the F = 3 ground state
is prevented by a repumping laser, left on continuously.

The condition for Bragg scattering requires that the
difference in wave vectors between an incident probe
and a ref1ected wave be a reciprocal lattice vector of
the periodic potential. In optical lattices, a basis for the
reciprocal lattice is formed by the differences between
the wave vectors of the lattice laser beams [9]. In
order to make use of a resonantly enhanced scattering
cross section, we tune the probe laser near the same

atomic transition used to create the lattice. At this probe
wavelength, only first order Bragg scattering is allowed,
for which there are twelve possible directions of the
incident probe beam (eight collinear with lattice beams,
and four in the x-y plane). We use the geometry shown
in I ig. 1, where the probe beam is counterpropagating
against one of the lattice beams, and is rejected from
planes of atoms into directions counterpropagating against
the other three lattice beams. We detect only the beam
that is rejected from Bragg planes normal to x, which
have a spacing of At/~2. Because of the dispersive
interaction with the atoms, the wavelength of the lattice
beams inside the medium, Az, deviates from the vacuum
wavelength At . The difference is small (less than 10 )
but nonetheless has effects which we have measured.

In a 4 ms cycle, we load our optical lattice with Cs
atoms collected in a magneto-optical trap (2 ms) then
cooled in an optical molasses (1 ms) as described in
Ref. [8]. The molasses beams are shut off and the atoms
are allowed to equilibrate in the lattice for 1 ms, reaching
temperatures of about 10 p, K. This produces a dense
(several 10'" cm ) sample of atoms in a volume of
about 0.2 mm having about 2000 Bragg planes normal
to x. Even at a density of no = 9 X 10' cm only

FIG. 1. Configuration of laser beams creating a three-
dimensional optical lattice, together with the directions of
probe beam and Bragg scattered beam (OL = Op = 45 ).

2823



VOLUME 75, NUMBER 15 PHYS ICAL REVIEW LETTERS 9 OCTOBER 1995

1 in 100 lattice sites would be occupied. The cycle is
completed when the lattice is turned off (switching time
—100 ns) and the probe is introduced. Typically, the turn-

on of the probe is delayed by about 100 ns with respect
to the turn-off of the lattice, long enough that the lattice
light is completely extinguished, but short enough that
the atoms do not move significantly. The probe beam
is applied for about 0.5 p, s and has a typical intensity
of 0.03 mW/cm . At this low intensity the motion of
the atoms is not significantly altered by photon recoil
and almost all light is scattered elastically (i.e., into the
"6-function" component of the fluorescence spectrum).
The reflected light is split off from the lattice beam
direction by a beam splitter, sent through a spatial filter,
and detected by a photomultiplier tube (Fig. 1). The total
solid angle of detection, 4.1 X 10 sr, is defined by a
circular aperture with a full angular opening of 23 mrad.

The polarization of the probe light can be chosen
freely, but is linear along y for most of our experiments,
maximizing the reAectivity. For this polarization, which
can be decomposed into o and o with respect to
z, atoms in the II: = ~4 ground states have equal
scattering cross sections, with mF = +4 (mF = —4)
atoms scattering mostly sr+ (o. ) light. Since the Bragg
planes contain an equal number of mF = ~4 atoms, the
polarization of the reflected beam we observe is the same
as that of the probe. Changing the probe polarization to
either helicity of circular polarization reduces the intensity
of the Bragg reflected light by a factor of 2. Keeping the
polarization linear, but rotating it by 90 so that it lies in
the plane of incidence, decreases the reflectivity by more
than a factor of 15. This large reduction occurs because,
for this geometry and polarization, a generalized condition
for Brewster's angle is nearly satisfied.

By comparing the amount of scattered light from an
ordered and a disordered (no lattice beams applied) atomic
sample, we directly determine the coherent enhancement
for light reflected along a Bragg direction. We find an
increase in the on-axis intensity of the Bragg scattered
beam of —10s and the maximum reflectivity of (0.35 ~
0.15)%, at a probe detuning of about 1I . For a disordered
atomic sample, the angular distribution of scattered light
is uniform across our 23 mrad detection aperture. By
contrast, the Brag reflected beam has a Gaussian profile
with a full width at half maximum of 1.34 ~ 0.10 mrad.
This divergence is consistent with the estimated —1 mrad
diffraction angle due to the size of the atomic sample. We
estimate the probe acceptance angle for Bragg scattering,
inversely proportional to the number of planes, to be less
than 0.5 mrad. Because the divergence of the probe beam
(1.5 ~ 0.2 mrad) is larger than this acceptance angle, we
expect the observable refiectivity to be reduced.

At the moment the lattice turns off (t = 0), we expect
approximately Gaussian distributions for both the position
and momentum of the atoms in each plane [10]. The posi-
tion spread reduces the strength of the rejected signal by
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FIG. 2. ReAectivity as a function of the time delay of the
probe pulse for two different atomic temperatures: ( ~ ) T =
8.5 p. K and (O) T = 14.0 p, K. A lower temperature leads to
a longer decay time. The inset shows reflection spectra for time
delays from 0.1 to 4.6 p, s. The shape of the spectrum does not
change with increasing time (i.e., decreasing localization).

P = exp[ —K Ax (t)] (the Debye-Wailer factor of x-ray
crystal diffraction [11]),where Ax (r) is the mean squared
position spread (localization), K = ~2 k is the momen-
tum transfer for Bragg scattering in our geometry, and
k = 2'/AI. The atoms are initially localized to —A/7

(P —0.2), independent of their temperature [10,12]. The
momentum spread leads to an increasing position spread
with time, and therefore to a temporal decay of the Bragg
reAectivity after the lattice is shut off. We observe this

by measuring the reflectivity as a function of probe de-
lay. Figure 2 shows two decay curves well fit by I(t) =
I(0) exp( —t /2r ) with decay constants r = 2.0 ~ 0.1

and 1.6 ~ 0.1 p, s. The temperatures for these curves,
measured independently by a time-of-flight method [8],
are T = 8.5 ~ 1 and 14.0 ~ 1 p, K, respectively. Us-
ing these temperatures and the time-dependent Debye-
Waller factor P with Ax (t) = Ax (0) + (p, )t /m and

(p, )/m = k&T, we predict decay constants of r = 3.0 ~
0.2 and 2.1 ~ 0.1 p, s, respectively. Although the predic-
tions and the experimental values differ by about 30%,
the measurements demonstrate the reduction in reAectivity
due to the decrease in localization. The temporal decay
in reAectivity cannot be attributed to the loss of atoms as
they fall out of the probe beam, which occurs on the much
longer time scale of 10 ms.

In order to investigate the competition between Bragg
and diffuse scattering, we study the probe-detuning de-
pendence of the reflectivity for Bragg scattering (reflec-
tion spectrum) for various densities. Figure 3 shows a se-
ries of reflection spectra for densities at the center of the
sample ranging from no = 3 X 10 to 8 X 10'" cm
The densities are determined from the transmission of
the probe beam, accounting for the beam profile and the
Gaussian density distributions across the sample. The
absolute uncertainties in the measured densities are esti-
mated to be 25% with a relative uncertainty of 5% be-
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tween the different measurements shown in Fig. 3. For
low densities (no = 3 X 109 cm ) the reliection spec-
trum is well fit by a Lorentzian with a width of 1.4I .
This width is consistent with the natural linewidth I and
the —2 MHz frequency jitter of the probe laser. Besides
the strong enhancement of the reflectivity, this spectrum
is identical to that from a sample of disordered atoms; i.e.,
the shape is determined solely by the absorption cross sec-
tion. For increasing densities the spectra become broader
and develop a flat top (no = 2 X 10' cm ) and eventu-
ally a dip around atomic resonance for the highest densi-
ties (no = 4 X 10' and 8 X 10' cm 3). The symmetry
of the spectra is very sensitive to the relative alignment of
probe and lattice beams, as discussed below. For the data
presented in Fig. 3, the alignment was chosen to produce
symmetric spectra.

The inset in Fig. 3 shows a set of calculated reflection
spectra, based on a simplified model, but accounting for
diffuse scattering loss and scattering phase shifts. Given
our density and small Debye-Wailer factor (P —0.2),
the specular reflectivity per plane is much smaller than
the diffuse scattering loss per plane [13]. Under these
conditions, we can neglect multiple reIIections (i.e., we
consider interference of those waves which have been
specularly rellected only once from the various planes),
in contrast to the model used in Ref. [14].

Diffuse scattering loss is significant and leads to fre-
quency dependent attenuation of the probe and reflected
waves as determined by the absorption cross section (only
3% of the probe light is transmitted at resonance for
no = 8 X IO'o cm 3). The effective number of planes
contributing to Bragg scattering is therefore detuning de-
pendent, substantially reducing the reflectivity near reso-

0.35—

nance when the sample is optically thick. Thus the reflec-
tivity in the wings of the spectra grows faster with density
than at resonance, causing the spectra to broaden and to
develop a dip [15]. In the limit of low rellectivity, the
atomic localization on the other hand does not affect the
shape of the spectra but simply determines the magnitude
of the reflectivity according to the Debye-Wailer factor
[16]. This is illustrated in the inset in Fig. 2 by a series
of experimental reflection spectra at constant density for
increasing probe delay (i.e., increasing position spread),
which show a decreasing reflectivity but constant shape.

The reflection spectra are affected not only by absorp-
tion but also by dispersion of the probe. Furthermore,
dispersion of the lattice beams causes the lattice con-
stant d to be a function of lattice laser frequency ~l.
For our configuration (Fig. I), d = AI /2n, rr(col)sin 0t,
where n, f&(jul ) is the effective index of refraction seen by
the lattice light field at the frequency tuL [14]. Through
the lattice constant d the Bragg condition 2d sin Op =
Ap/n(cup) depends on the lattice frequency as well as
on the angle 50 = i0t. —0@i between the lattice and
probe [17]. Here Ap is the probe vacuum wavelength, and

n(top) is the usual index of refraction for an atomic gas
near resonance. The Bragg condition is exactly satisfied
for a probe on atomic resonance [n(tup) = lj when we
choose 50 = 50,~ (col) = n, rr(tel) —1 [16]; for this
choice, we expect symmetric reflection spectra, such as
shown in Fig. 3. For our range of experimental parame-
ters, 50,& (col) ~ 1 mrad. For 50 4 50,~, the Bragg
condition is satisfied off-resonance, leading to asymmetric
spectra (see inset in Fig. 4).

We use the relationship between the symmetry of
the spectra and the difference angle 50 to determine
the change in lattice constant as a function of lattice
frequency. From the Bragg condition and the expression
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FIG. 3. Bragg reAectivity as a function of probe laser detun-
ing for densities from 3 & 10 to 8 && 10' cm, increasing
by roughly a factor of 2 between traces. For increasing densi-
ties, the spectra become broader and develop a dip at resonance.
The temperature of the atoms is T = 12 p, K and the initial lo-
calization is —A/7. The inset (same axes) shows calculated
reflection spectra for the same parameters in a one-dimensional
model, neglecting some experimental details such as the shape
of the sample, the probe beam profile, and the probe diver-
gence.
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FIG. 4. Fractional change in lattice constant Ad/d as a
function of lattice laser detuning ( ~ ) together with a calculation
based on the experimental values for atomic density and
localization (dashed line). The measurement of Ad/d, plotted
with a fitted offset, is based on determining the angle between
the lattice and probe beams necessary to produce symmetric
spectra. The inset shows asymmetric reAection spectra for
different choices of this angle.
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for d given above, with OL = Op = 45, one can derive
the relation ~Ad/d(col )~

= npff(col) —1 = AO, y~(ter),
where Ad is the change in lattice constant relative to the
case of n, rr( col) = 1. For various values of col we adjust
the beam alignment to produce symmetric spectra and
measure 50,y (col.) = ~Ad/d(tel)~ relative to the fixed
but unknown offset 50, (—9.81) = ~Ad/d( —9.8I )~.
We must introduce this offset because the absolute angle
between lattice and probe beams cannot be measured with
the necessary accuracy. Figure 4 shows a calculation
of Ad/d for a density of no = 3 X 10' cm s and
a localization of A/7. The Ad/d measured for these
experimental parameters is plotted with an offset to give
the best fit to theory. The error bars represent the
uncertainty in determining when the spectrum is exactly
symmetric. Because optical lattices are self-organizing
such that the standing wave lattice light field has the same
periodicity as the dielectric medium, the effective index
of refraction n, rf(tu) for the standing wave is different
from the usual index n(cu) for a traveling wave. For
perfect atomic localization, n, ff( tel) —1 = 4[n(col )—
I]. In general, the finite position spread gives the result
n ff (MI ) —1 = (1 + 3~P) [n(cuL, ) —I] [I6], where P
is the Debye-Wailer factor defined above. The observed
detuning dependent change in lattice constant is evidence
for the backaction of the dispersive medium on the optical
lattice light field, although for our Debye-Wailer factor
(P —0.2), uncertainties in the measured values of density
and hd/d prevent us from unambiguously verifying the
correction factor 3~P experimentally.

We have demonstrated Bragg scattering as a new tool
complementing probe-absorption spectroscopy and Auo-
rescence spectroscopy for investigating optical lattices.
With this technique we should be able to study important
properties of atoms in optical lattices such as the fraction
of atoms which are trapped and ordered. Future improve-
ments in localization and density will allow us to measure
unambiguously the modification of the index of refraction
for standing waves in a periodic medium. Furthermore,
we can enter a regime where multiple reflections become
important and possibly observe such phenomena as pho-
tonic band gaps [18] and photon localization [19].
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