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Atomic Transport in an Optical Lattice: An Investigation
through Polarization-Selective Intensity Correlations
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We present an experimental investigation of the local dynamics and spatial diffusion of a
in a rubidium optical lattice using polarization-selective intensity correlation spectroscopy in
the time and frequency domains. Autocorrelations of the circularly polarized components o
fluorescence light are shown to give access to the atomic dynamics in a single optical po
well. By contrast, cross correlations between opposite circular components of the scattered
provide information about atomic transport in the lattice through escape and recapture between ne
potential wells. [S0031-9007(96)01042-3]

PACS numbers: 32.80.Pj, 33.15.Vb, 42.50.Vk
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The transport properties of microscopic particles i
mersed in a surrounding medium are extremely dive
Depending on the detailed characteristics of their coup
with the environment, their motion can take the form
free propagation, ballistic movement, oscillations, visco
damping, Brownian motion, Lévy flights, etc. Past a
vances in probability theory and statistical physics all
one to connect the associated particle transport prope
to macroscopic quantities accessible to experiments. S
quantities can be investigated through a variety of te
niques, among which intensity correlation spectrosc
[1–3] plays an important role for several reasons. It i
noninvasivein situ technique that is sensitive to time co
relations in the position of individual scattering particl
and, consequently, to their microscopic motion. Unl
traditional imaging methods consisting of monitoring t
extension of an initially well localized ensemble of pa
ticles [4], it can be employed reliably in systems of lar
size or exhibiting a very slow or complex dynamics, a
is much less sensitive to the preparation of the ini
particle sample. In the situations where the motion
particles is correlated with a change in their opti
properties and/or in the local polarization of ligh
polarization-selective intensity correlation spectrosco
can, moreover, give access to otherwise unavaila
information through the polarization of the scattered lig

These characteristics are of particular value for the
vestigation of the transport properties of atoms in opt
lattices [5], which remain one of the most poorly studi
features of this medium although some unusual cha
teristics have been predicted and observed [6]. Opt
lattices are periodic structures of micron-sized poten
wells induced by the light shift of the atomic subleve
in a standing wave exhibiting a gradient of polarizatio
In the most studied situation [5], the light polarization
alternatelys1 and s2 at the bottom of adjacent poten
tial wells where atoms accumulate as a result of Sisyp
cooling [7]. According to the standard representation
this cooling mechanism, atomic transport in optical l
tices proceeds through escape and recapture of atoms
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and by neighbor optical potential sites, which are gen
ally associated with opposite circular polarizations. A
consequence, it is appealing to try and trace atomic ju
between potential wells through intensity correlations
tween cross-circular polarizations of the light scattered
the atoms. In this Letter, we present the results of suc
experimental investigation in rubidium using polarizatio
selective intensity correlation spectroscopy in the time
frequency domains. We consider, on the one hand, a
correlation spectra of thes1 or s2 light intensity, which
essentially provide information about atoms localized
a well-defined potential well. In particular, we have a
cess to the escape rate of atoms from a potential well
to the details of the vibrational motion of atoms at t
bottom of the wells. In the time domain, the damp
oscillatory motion can be directly visualized, and diffe
ent dynamics can be clearly attributed to localized a
delocalized atoms. On the other hand, we also cons
cross-correlation spectra between thes1 and s2 light
components, which are shown to display a narrow fea
giving access to the transport rate betweens1 and s2

wells, hence providing information about spatial diffusi
in the lattice.

We consider a four-beam lin' lin optical lattice [5]
consisting of twox-polarized beams propagating in they-
z plane, making an angle2u, and twoy-polarized beams
propagating in thex-z plane, making the same ang
(Fig. 1). Such lattices have been recently investiga
using various experimental methods such as pump-p
spectroscopy [8], heterodyne fluorescence measurem
[9], or spontaneous Bragg scattering [10]. These te
niques have already revealed a number of features: o
lating motion of the atoms in the optical potential wel
Lamb-Dicke narrowing of the vibrational lines due
strong spatial confinement of the atoms at the bottom
the wells [11], occurrence of very long evolution times
the atomic external dynamics, etc.

Our experiment proceeds as follows: Rubidium ato
are cooled and trapped in a low pressure cell by
magneto-optical trap. After a 200 ms loading and cool
© 1996 The American Physical Society 1727
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FIG. 1. Field configuration of the lattice and detection set
Two detectors, sensitive to oppositely circularly polariz
scattered light along a single directionuz, are located in the
x-z plane.

phase, both the inhomogeneous magnetic field and
trapping beams are switched off in less than 1 ms.
lattice beams (typical intensity1 5 mWycm2) are then
switched on for 5 ms, allowing the atoms to reach th
steady state, corresponding to a rms momentum of
14 times the one-photon recoil momentum and a den
of 2 3 109 cm23 (the filling factor of the lattice is of
the order of1024). All laser beams are derived from
a frequency-stabilized diode laser ( jitter,1 MHz) and
have a detuningD of 5G to 10G (G the natural linewidth
of the excited state) to the red side of theFg  3 !

Fe  4 component of theD2 resonance of rubidium
After equilibration, intensity correlations are recorded
100 ms, during which atom losses remain negligible. T
two circularly polarized components of the light scatte
in a single spatial mode are separated and dire
towards separate detectors. The detectors are avala
photodiodes and the typical counting rates are105 to
106 counts s21. We checked that, at these count rat
our measurements are shot noise limited [2]. Inten
correlations in the frequency or time domain are recor
using a spectrum analyzer [2] or a digital correlator wh
measures the normalized intensity correlation funct
gs2dstd [1]. The measurement cycle is repeated a
averaged102 to 105 times.

We show in Fig. 2(a) an example of an autocorre
tion spectrum of thes2 light intensity recorded in the
x-z plane at auz  10± angle with respect to the sym
metry axisOz of a tetrahedron withu  20± (see Fig. 1).
Figure 2(a) displays a narrow feature at zero frequenc
broad pedestal, and two sideband resonances labeleVx

and Vz . These sidebands are centered around the
pected positions for theVx and Vz vibrational frequen-
cies of the atoms along thex andz axes, respectively, an
are associated with spontaneous Raman scattering o
lattice beams by atoms oscillating at the bottom of the
tical potential wells. As it is now well known [11], th
widths of these resonances are dramatically reduced c
1728
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FIG. 2. s2 intensity autocorrelations in the frequency (a) a
the time (b) domains for two different geometries:u  20±,
uz  10± (a) and u  30±, uz  0± (b). The inset of (b)
shows data taken under the same conditions with a diffe
sampling interval. The autocorrelation spectrum displays
sideband resonances at the vibrational frequenciesVx and Vz .
The time correlation function shows not only the oscillatio
(inset) but also two exponential time constants.

pared to the typical light scattering rate because of
subwavelength atomic localization (Lamb-Dicke effect)

Much more surprising is the relative width of the
resonances [12]. Indeed, the usual estimate of the
man widths based on the lifetime of theindividual vibra-
tional levels yields a decreasing function of the vibration
frequency [11], in complete contradiction with the expe
ment. In fact, such an estimate does not take into acco
the inhomogeneous broadening of the Raman lines du
the potential anharmonicity. Furthermore, as was rece
pointed out by Grynberg and Triché [13], in the limit o
small anharmonicity of the optical potential an efficie
coherence transfer mechanism [14] may take place
constitute an additional lengthening mechanism for the
brational coherence lifetime. We attribute the observat
of Fig. 2(a) to the fact that, in the limit of small tetrah
dron angles, the anharmonicity, i.e., the dependence o
separation of adjacent bound levels on vibrational qu
tum number, is stronger in thez direction than in the
x, y directions. So both the coherence transfer and the
duction of the inhomogeneous broadening contribute t
relative narrowing of theVx line. The study of the rela-
tive contributions of both effects is under way and will b
published elsewhere.

We complemented the investigation of the oscillato
behavior of the atoms by observing the intensity au
correlation in the time domain. The inset of Fig. 2(
displays damped temporal oscillations directly reflect
the relaxation of the vibrational atomic motion under t
combined influence of the potential anharmonicity, he
ing and optical pumping transitions toward adjacent we

A broad pedestal is also clearly visible in Fig. 2(a),
though its shape is difficult to characterize precisely.
appears much more transparent in the time domain
nal of Fig. 2(b), which demonstrates the occurrence
two well-defined time constants in the system dynam
The short time constant, of the order of2 ms, is consis-
tent with the typical light scattering rate by free atom
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We therefore attribute the pedestal in Fig. 2(a) to lig
scattering by the small fraction of delocalized atoms fl
ing over the optical potential wells. Because autocorre
tions are mainly destroyed by optical pumping transitio
of the atoms toward neighbor potential sites, we int
pret the long time constant of Fig. 2(b) (approximate
25 ms) as resulting from initially well-localized atoms e
caping from their potential wells through heating and o
tical pumping. In other words, the width of this resonan
is approximately the escape rate of localized atoms fr
their potential wells [15]. All these interpretations a
supported by numerical calculations of the light autocor
lations based on the semiclassical Monte Carlo simula
technique for aFg  1y2 ! Fe  3y2 atomic transition
[16,17]. In particular, we checked that deleting the co
tribution of delocalized atoms results in the disappeara
of the short time constant and that the large time cons
is approximately equal to the decay time of the atomic
ternal state autocorrelation function [18].

The time constants we deduced from the autoco
lation signals relate almost exclusively to the dynam
of an atom in one well. This information is also acce
sible through pump-probe or heterodyne fluoresce
spectroscopy. By contrast,s1-s2 cross correlations
(the s1 intensity times thes2 intensity at a later time)
essentially involve atoms initially localized in as1

optical potential well and which are later transferr
through optical pumping toward as2 potential site.
If the atom does not change site, it contributes ve
little to the cross-correlation signal. Because the
tential wells are spatially separated, cross-correlat
signals provide new information about atomic tran
port in the lattice. We show in Fig. 3(a) an e
ample of such a spectrum recorded in au  30± tetrahe-
dron lattice with a detector aligned along thez axis. One
first notes [inset of Fig. 3(a)] that the cross-correlati
spectrum displays no vibrational line (this was check
carefully by zooming on the expected frequency dom
for the Raman resonances). This observation, toge
with numerical simulations exhibiting no significan
cy
tion

i
ctr
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FIG. 3. s1-s2 intensity cross correlations in the frequen
(a) and the time (b) domains. The cross-correlation func
(b) displays a pure exponential decay at long times. Note
the inset the absence of sideband resonance on the spe
aroundVx andVz .
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differences between cross-correlation spectra involv
all atoms or restricted to atoms experiencing spin flip
strongly supports the assumption that cross correlati
are insensitive to atoms remaining localized in a giv
potential well.

The only salient feature in the spectrum [Fig. 3(a)]
a narrow peak at zero frequency. As it is transpare
in Fig. 3(b), this feature is associated with a single we
defined time constant of the order of50 ms [19]. In order
to interpret this result, we restrict ourselves for simplici
to the atomic motion along thez axis [20]. One can
readily show that the long time behavior of the cros
correlation signal is then simply proportional tog

s2d
12std 2

1 ~ jkeidkfzst1td2zstdgl12j2, where the averagek l12 runs
over atoms experiencing ajg, 1Fgl ! jg, 2Fgl spin flip
between timest and t 1 t, and wheredk  ks1 2

cosud denotes the difference between thez components of
the wave vectors of the field scattered in the direction
the detector and of the lattice beams. It thus appears
the cross-correlation signal decreases as a result of ato
transport in the lattice on a spatial scale of the order
2pydk [21]. In order to connect the width of the centra
resonance to a physically more meaningful quantity,
consider a simple random walk model of the atom
position characterized by a spatial diffusion coefficie
Dz which yields g

s2d
12std 2 1 ~ e22dk2Dzt . Note that

the exponential form of the decay indicates a diffusi
process. Ballistic motion of a thermal ensemble, f
example, would yield a Gaussian decay. We checked
our numerical simulations thatDz , deduced from intensity
correlation spectra, was an underestimate of its act
value by a factor of less than 2. We have plotte
in Fig. 4 the spatial diffusion coefficient deduced fro
this model, and the width of the central resonance
Fig. 3(a), as a function of the optical potential dep
normalized to the one-photon recoil energy. We no
er

n
um

FIG. 4. Diffusion coefficient of the atomsDz as deduced
from the width of the central resonance of the cross-correlat
spectrum (see text). We have representedDz for different
values of characteristic parameters of the lattice: the opti
potential depthU0 normalized to the recoil energyER and the
detuningd in units of the natural linewidthG.
1729
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that our typical value forDz is an order of magnitude
smaller than the one measured in optical molasses
Also, the rough independence ofDz on U0 for our values
of the laser parameters is consistent with recent theore
calculations of such coefficients [6].

Intensity correlation spectroscopy should yield intere
ing new information in other areas of cold atom physi
Direct applications in optical lattices include the sear
for anomalous diffusion and escape lines [6], or for de
sity dependent effects [22]. We have obtained prelimin
results indicating a significant modification in the spec
for occupation factors of the lattice as small as1023. In-
tensity correlations should also be a sensitive probe
multiple scattering effects [1]. Correlation measureme
along Bragg directions should also prove interesting.
this situation, the correlation function is expected to
flect the dynamics of individual atoms so that new qua
tum antibunching phenomena involving optical pumpi
or the external atomic dynamics may occur [23]. Final
intensity correlations may prove interesting for the inve
tigation of quantum statistical effects or the investigati
of the recently discovered atomic Bose-Einstein cond
sates [24].

We are indebted to G. Grynberg for suggesting to
the role of coherence transfer in the width of the Ram
resonances and for allowing us computer time for
numerical simulations. We are also grateful to A. Blas
from Malvern Instruments for technical support.
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