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Direct observation of atomic localization in optical superlattices
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We present direct experimental evidence for the localization of atoms cooled and trapped in a three-
dimensional optical superlattice. As in the case of solid-state superlattices, we are able to tailor the character-
istics of the optical potential wells. In particular, we impose a long-range modulation to the depth of the
potential wells whose size remains in the optical wavelength range. The cooling mechanism in this configu-
ration accumulates the atoms in the deepest wells. Images of the resulting separated denser atomic planes
(distance=70 um) have been obtained both by detecting the fluorescence and by observing the shadow of the
cloud.[S1050-294{@8)50204-1

PACS numbdis): 32.80.Pj, 68.65tg

These past few years have seen a rapid development atomic planes just by choosing the an@le This situation is
the study of atoms trapped in optical lattiddg. Such sys- then very similar to the case of superlattices in solid-state
tems offer a close analogy with solid-state physics as atomghysics, where the electrons move in a periodic potential
evolve in a periodic optical potential like the electrons in anwhose characteristics change from one layer to the next one
ion matrix. The optical lattice has neither defects nor impu4{13].
rities because it is due to an interference pattern of several The experiment is performed with cesium atoms that are
laser beams. Therefore, the atomic dynamics is unaffected irst gathered and cooled in a low vapor pressure cell by the
phononlike phenomena that can limit the coherence timewell-known magneto-optical traMOT) [14]. The six trap-
These properties allow us to test some subtle effects, such &g beams and the inhomogeneous magnetic field are then
Bloch oscillations, long predicted for solidig] and recently — switched off and we switch on a five-beam superlattice. Each
observed in an optical lattidg]. However, the periodic ar- of the beams has the same intensity, ranging ften®.1 to
rangement of atoms in the optical potential wells is only10 mW/cn? and the same frequency, detuned on the red side
deduced from indirect experimental observations. The oscilof the D, F=4—F'=5 transition of cesiunfat 852.1 nm
lation of the atoms at the bottom of the wells has been obby A/27w=—100 MHz. The angl® between the two beams
served, detecting Raman transitions between vibrational levs 12.5-0.8 mrad. The vertical period of the underlying lat-
els, both by pump-probe spectroscdgy and by heterodyne tice ish=0.852um and the almost-vertical superperiod that
analysis of the fluorescen¢B]. Bragg scattering of light by arises isA =\/®=68+4 um. The superlattice that we ob-
optical lattices has demonstrated the long-range periodic otain is thus composed of potential wells, the depths of which
der[6,7]. Direct observation of the periodic structure of op- are modulated on a scale of 80 atomic planes. The beam
tical lattices is not possible by imaging the fluorescence beeonfiguration of Fig. 1 leads to an unbalanced radiation pres-
cause the distance between adjacent sites is too ¢ofidlle  sure that tends to push the atoms upwards. However, when
order of the wavelength of the trapping beamglore re- the detuning is sufficiently large, the radiation pressure force
cently, optical lattices have been extended to the quasiperis much smaller than the dipole forE&5]. In our experimen-
odic casg8,9], in close analogy with the field of quasicrys-
tals [10]. Quasiperiodic optical lattices are obtained by
adding extra beams to a standard four-beam laftidg, so
as to introduce at least two incommensurate periods. Taking
this idea somewhat further, we describe here an experiment
where the extra period is so large that we are able to resolve
the fluorescence of the atoms trapped in the successive
planes of this optical superlatti¢@2].

The arrangement of the trapping beams is depicted in Fig.
1. The underlying four-beam periodic latti¢garker arrows
consists of three beams in the horizom&y plane and a
fourth beam that is vertical alon@z. The vertical period of
the resulting four-beam optical potential is exactly imposed
by the wavelength of the trapping beams. A fifth beam e x
(lighter arrow in Fig. } lies in the xOz plane, vertically 4
above one of the horizontal beams. For reasonably small
angles(typically 1<® <50 mrad a sinusoidal superperiodic  FIG. 1. Beam configuration used to create a superperiodic opti-
modulation of the optical potential depth is imposed on thecal lattice. In the experiment, the andle between the supplemen-
original four-beam periodic lattice. The spatial superperiotary beam and the horizontal plane@s= 12.5+ 0.8 mrad. Note that
can be tuned between a few tens and a few hundreds afl the beam polarizations are parallel to the horizontal plane.
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usual lattice obtained by blocking the fifth beam. The global
shape of the cloud is the same, but the superlattice exhibits
an intensity modulation, as expected.

It is important here to discuss the crucial differences be-
tween our experiment and the previously reported observa-
tions of striations in samples of laser-cooled atoms. The very
first observation of spatially modulated fluorescence of cold
atoms was reported in 199Q7]. The system considered at
that time was a MOT with a slight misalignment of the
beams. As pointed out by Steaseal.[18], in that system
the atomic localization is the result of a complex interplay of
friction and dipole forces. An accurate description of the
physical mechanisms involved is very difficult to obtain be-
cause it depends on the relative phases between the six trap-
ping beams. Another very interesting system based on the
rectified dipole force due to a bichromatic field has been
0 500 studied by Groveet al.[19]. In that case the fluorescence of
x (um) a pure one-dimensional lattice with a large spatial period
(71 um) was observed. Such a large spatial period was im-
posed by the beating between the two components of the
bichromatic field. In order to localize the atoms in such a
frictionless structure, rapidly alternated phases of magneto-
optical trapping and rectified optical potential were neces-
sary. An analogous system in two dimensi¢2B) has been
studied recently: a hologram generates a 2D array of far-
detuned dipole traps and an additional gray molasses pro-
vides the friction mechanisif20]. By contrast, the situation
we present here does not need any additional friction force
and is perfectly described in terms of Sisyphus cooling, as in
the case of a usual bright lattice. The superlattice that we
obtain has two different length scales: the potential wells
have an almost constant size imposed\byand their depths
are modulated ax/® scale. In spite of the presence of in-
termediate local minima, the atoms fill the deepest potential
wells. Moreover, our structure is a three-dimensional optical
lattice and then displays a lifetime of the order of the second.
500 Therefore stable and low-noise images of the atomic sample

can be easily obtained.

The observation of a modulated fluorescence does not
;prove the presence of a density modulation when the total

intensity impinging on the atoms is itself spatially modu-
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FIG. 2. (a) Image of the fluorescence emitted by a superperiodi
optical lattice. The image is recorded by a 16-bit Peltier-coole
cCD camera with an exposure time of 10 rfty. Image of ﬂuores'. lated. Even in the case of a uniform atomic distribution, a
cence obtained when the supplementary beam of the superlattice light modulation should be observed in the fluorescent light
blocked (5=0). 9 : . nthight.

In order to confirm the presence of a density modulation, we
tal conditions, the cloud moves with an average velocity oftherefore take the shadow image of the cloud in a resonant
about 1 mm/s and the lattice is observable for more than 50flash beam[21]. This flash beam is collimated and much
ms. wider than the atomic cloud. It is sent through the cloud onto

In a first set of experiments, we have recorded the fluothe camera, using the previous imaging system. The flash is
rescence of the atoms trapped in this superlattice. We olitirned on for 10Qus during the 10-ms exposure time of the
serve the cloud from thg direction with a Peltier-cooled camera, just after the five beams of the superlattice have
16-bit charge-coupled-devic€CCD) camera. The imaging been switched off. Note that with this temporal sequence for
system is composed of one meniscus lens followed by twéhe measurement, the images are not contaminated by the
doublets facing one another. The overall magnification is 2.3luorescence of the lattice, and we probe completely free
and the theoretical ultimate resolutionuim, evaluated for a atoms, as in the Bragg scattering experiment of R&f.The
50% modulation transfer functiofil6]. The pixels of the flash intensity is 10QuW/cm?, low enough that it saturates
CCD camera are 22um X 22 um wide. With this pixel neither the atoms nor the camera. To extract the shadow
dimension, we are not limited by the resolution of the imag-image of the sample, we take two successive images with
ing lenses. We record the fluorescence light with an exposurend without atoms by turning on and off the MOT. The
time of 10 ms. The resulting images taken for a lattice bearmesulting difference image is shown in FidaB An averaged
intensity of 4 mW/cnt are shown in Fig. 2. In particular, vertical profile of this imagésee Fig. 8)] exhibits an un-

Fig. 2@ shows the superlattice, while Fig(®2 shows the corrected absorption modulation of approximately 30%.
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FIG. 4. Experimental variation of the density modulation depth
as a function of the relative intensity /I of the fifth beam. The
data are obtained by analysis of shadow images like the one shown
in Fig. 3.
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b) tially the deepest potential wells.
. Another interesting experiment can be done by attenuat-
12 ing the fifth beam. We illustrate in Fig. 4 the density modu-
; lation measured when the intensity of the fifth beam is varied
8 from zero up to the intensity of the other lattice beamng
1 varies from 0 to L This variation of the density modulation
44 can be related to the buildup of the quasiperiodic order mea-
1 sured previously by Bragg scatterif@]. The present behav-
g . . . ! ior is very similar, and now this direct measurement needs no
1000  -500 0 500 1000 . : -~ :
Z (um) evaluation of the scattering efficiency of a single afath It
is interesting to note that the density modulation observed in
FIG. 3. () Shadow image of a superperiodic optical lattice ob- t(N€S€ images has a close connection with the Rayleigh stimu-
tained by using a weak, collimated, resonant beam. A first image i$téd scattering measured in pump-probe spectroscopy. In-
recorded after the lattice beams are switched off and and a secoi¢€d, the Rayleigh component originates from the scattering
one is obtained when no trapped atoms are present. The resulti®f the pumps from the density grating induced by the probe
displayed image is obtained by substractith). Vertical profile of ~ [22]. In the present experiment, we have measured an uncor-
the image in(a) averaged over ten horizontal pixels. The fitted rected density modulation of 2% wheg/I=0.03 (in this
density modulation is approximately 30%. situation, the modulation depth of the adiabatic potential is
approximately 3% For a degenerate excitation in pump-
Note that, in an ideal shadow experiment, the absorptioprobe spectroscopy, density modulations of a few percent are
modulation is equal to the atomic density modulation. In ourthus expected, even with probes 30 times weaker than the
case, the dimension of the cloud is larger than the depth dhttice beams.
field of the imaging system, and therefore we expect a loss of In conclusion, the direct observation of a superlattice
contrast on the image. We calculated that, starting from @&learly confirms that the atoms accumulate in the deepest
density modulation of 100% and considering thelimen-  wells of a nonperiodic optical lattice, as hitherto inferred
sion and thex dimension of the atomic cloud to be identical, only from indirect clueg8,9]. The superperiodic optical lat-
the image will display 55% of absorption modulation. Notetice that we studied is described by two different length
that we neglect the additional contrast decrease due to diffuiscales: the potential-wells sizef the order of the optical
sion of free atoms during the flash detection phase. The awavelength\) and the long-range depth modulatigun-
erage path of an atom during this phase can be roughlgble, just by varying an angle, in the 10-50@ range.
evaluated between 5 and 1@m. The corrected density Our experiment clearly shows that the presence of local
modulation is 54% and it has to be compared to the spatiahinima does not impede the atomic motion towards the
variation of the depth of potential wells. For the beam con-deepest potential wells. Therefore, such kinds of superlat-
figuration that we are considering and for a4 transition, tices could be used to increase the probability of finding two
the adiabatic depth of the deepest wells is two times th@toms in the same potential well. Up to now, we have only
depth of the shallowest ondwe are considering the most considered the static properties of this superlattice. In the
light-shifted statg If the atomic density were simply propor- near future, we plan to use it to study the diffusion of the
tional to the depth of the wells, one could expect a densityatoms in the periodic four-beam lattice. For that, we shall
modulation of 33%. The difference with respect to the meaneed to modify the setup to be able to turn off rapidly the
sured value of 54% confirms the nonlinear variation of thefifth beam. Recording a set of successive images after the
atomic density with the depth of the wells observed previ-extinction of this beam, we should be able to measure how
ously in numerical simulationf9]: the atoms fill preferen- the density modulation decreases. This measurement could
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be compared with the same kind of information obtained by The authors wish to thank Claude Cohen-Tannoudji, Gil-
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ing the frequency of the fifth beam, we are able to observdor stimulating discussions. L.G. gratefully acknowledges
how the density grating follows the intensity grating. A com- support from the Colige de France. We are also grateful to
plete experiment would support the interpretation of the RayE. Drean from Photonetics for lending us the 16-bit CCD
leigh component of pump-probe transmission spectra irtamera. Laboratoire Kastler Brossel is “Unide Recherche
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