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Atomic diffusion in an optical quasicrystal with five-fold symmetry
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We present experimental and numerical studies of the atomic motion in an optical lattice displaying a
fivefold rotational symmetry. The atomic transport has been investigated by measuring the time evolution of
the size of the atomic cloud. The experimental results are compared to those of a semiclassical Monte Carlo
simulation of the atomic motion in a three-dimensional optical quasicrystal. A good agreement has been
obtained on the anisotropy of the diffusive expansion of the clpB#050-2947@9)50312-0

PACS numbd(s): 32.80.Pj, 61.44.Br

In the last decade, rapid progress has been made in thieal lattices, but both deal with periodic systef®s10]. A
field of cooling and trapping of neutral atoms, opening, fordirect measurement of the atomic diffusiomith a method
instance, the way to the achievement of Bose-Einstein corsimilar to Ref.[9]) allowed us to observe an anisotropy in
densatiorj1]. Besides this wonderful realization, a new classthe cloud expansion. The spatial diffusion coefficient we de-
of objects has grown up: optical lattic]. They merely duce from the measurements is larger in the periodic direc-
consist in a sample of cold atoms moving in a spatiallytion than in the quasiperiodic ones.
modulated potential. This potential originates from the The traditional bright optical lattices are obtained with the
position-dependent light shift that affects the ground state ofsser beams detuned on the red side af-aJ+1 atomic
an atom moving in an interference pattern of several lasefransition. The atom-laser interaction results in spatially
beamg3]. Such systems display a strong analogy with solid-modulated light shifts for the Zeeman sublevels, and the pho-
state systems because the atomic motion in the optical pPqg scattering couples the various sublevels. For detunings
ten_t|aI is similar to the mptlon_of the eIectrqns in the ionic ¢ 4 few natural linewidthd", the Sisyphus cooling process
lattice. However', the typical time scales differ by severalmkeS placd3], trapping the atoms at the bottom of the po-
orders of _ma_gnltude, and_ subtle phenc_)mésa_ch_as the tential wells. The relevant quantities to describe the interac-
Bloch oscillation$ are easier to detect in periodic optical tion between the atoms and the laser beassumed to have

lattices than in solid-state systefid§. On the other hand, an e same intensitv. the Rabi frequency for each beam bein
optical potential, created by an interference pattern, has ng . v , q Y : 9
o) are the light shiftsA j= Asy/2 and the photon scattering

defects and no phonons, and its symmetry is completely im= } A 5 o X
posed by the geometric arrangement of the laser beams. THat€I'o=1'so/2, wheres,=(Qg/[2(A%+T/4)] is the satura-
experimentalist can choose the symmetry of the lattice h&on parameter per beam.
creates and he is not tied to the self-arrangement of the ions To achieve a fivefold rotational symmetry in they
in the solid lattice. This fact can be used to design opticaplane, we arrange five beams of equal intensity in this plane
potentials that are no longer periodic, but quasiperigfjc ~ with 72° between them. The polarization of the beams is
In this situation, the solid-state analog of the optical lattice istaken in the propagation plane to obtain an alternaneg of
no longer the crystal, but the quasicrydta). and o~ sites with respect to the axis that is taken as the
In this paper we present some experimental and numericguantization axis. Due to the fivefold symmetry of the beam
results on atomic diffusion in a quasiperiodic optical lattice.configuration the resulting 2D potentigl1] has no transla-
The original motivation for this work is to investigate the tional symmetry, similar to the Penrose tilifg2]. The loss
role of the translational symmetry of the optical potential inof the periodicity leads to potential wells with different
the transport properties of bright optical lattices, in relationdepthg5]. The deepest potential wells then correspond to an
to the problem of electronic transport in solids. We havealmost purely circular polarization for the total field. To have
chosen a beam geometry such that the optical lattice is stih 3D trapping potential, we add a litin standing wave
periodic along one spatial direction while being quasiperi-along thez axis; the arrangement of the beams is shown in
odic (with a fivefold rotational symmetiyin the planes or- Fig. 1(a). The alternance o™ and o~ sites in thez direc-
thogonal to that periodic directiof7]. This beam geometry tion interferes with the previous 2D potential, resulting in a
thus leads to an optical potential analogous to the decagonpbtential that is then periodic along taelirection, with ax
phases of some solid-state quasiperiodic alloys, for whiclspatial period. It consists in a periodic stacking of quasiperi-
peculiar features due to the quasiperiodic order have alreadydic planes with a fivefold symmetry. This rotational sym-
been investigateB]. Two previous experiments have stud- metry is clearly visible in Fig. (b), which represents a cut of
ied the atomic diffusion in three-dimensio&D) bright op-  the potential.
In order to have theoretical support for our experimental
investigations, we have adapted a semiclassical Monte Carlo
*Present address: Laboratoire IPCMS; 23, rue du Loess, F-6703Tumerical simulation to the three-dimensional quasiperiodic
Strasbourg Cedex, France. lattices. In the dissipative regime where the experiments are

1050-2947/99/6(®)/42334)/$15.00 PRA 60 R4233 ©1999 The American Physical Society



RAPID COMMUNICATIONS

R4234 GUIDONI, DEPRET, DI STEFANO, AND VERKERK PRA 60
2.0x10°
o <>
NE 1.5
£ 0] 2
Ak <x™>
o 5
v s <y2>
‘0 T 1 1 1
0 5 10 15 20
(a) time (ms)
154 ¢ )
£) oD
Nﬁ 104 o o DZ
e |8
E 054 @, o o
a a8 8 a a
.OO—I T T T 1
0 100 200 300 400
(b) Ay (fo)
06
o
<
Nﬁ 04 s ° 0 o
=
" E®1 B g o © @ 8
q‘;oo'o‘.-)-,-o:(.‘o-oc-{r QOO
b s » e Lol e e v ’ T T T T T T
WA RS LR ANE BN YA AN 10 15 20 25 30 35
el LR L > r e . -
‘\.P c.-".vo."u.)‘.l‘ © ACT)
L' 'l . o e _rs ' . .
> d - e - "5 ¢ . & 1 ¢ od Y FIG. 2. (a) Time evolution of the variance of the atomic distri-
N TAAN L % WA BV LY butions along the three spatial directions evaluated for 5000 trajec-
MaP Ve VS o T OF V. *3 tories. The detuning is- 30" and the light shift per beam’ is
ol T 0 ¥ 0 d S ol ] . .
<2 SR AR RN R N 100wg, wWherewg=%k?/2M is the recoil frequency. The slope of
~ 0fF s » = SRR ‘: e 20 this variance directly gives the diffusion coefficient. These diffusion
> ‘ '. s ¢ ) .' Sl '. . by - .' » coefficients have been reported ifb) for a fixed detuning
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to different initial conditions and also different pseudoran-
dom variable sequences. For this ensemble of tb010*
FIG. 1. (a) Beam configuration used to create the OleC‘,ﬂgonapajectorles, we calculate the mean values and variances of

potential. (b) 2D cut in thez=0 plane of the optical potential for "€ Position and of the velocity. The evolution with time of
the previous beam configuration on a 1/2/2 transiton . theSe quantities gives some interesting information. As the

=1/2 Zeeman sublevelThe darker regions correspond to the po- fadiation pressure is compensated, the average velocity is
tential wells. zero and the mean position of the cloud does not change. The
rms velocities in each direction rapidly reach a stationary
done, the system is fairly described by a semiclassical modeValue that is isotropic. On the other hand, the varigincean
because the spontaneous emission Kills the coherent quantwgguarg of the coordinates evolves linearly with time as
effects. Semiclassical Monte Carlo simulations are widelyshown in Fig. 2a). This linear behavior is characteristic of a
used to make predictions in laser cooling, but as they ardiffusive motion (we define, as usual, the diffusion coeffi-
computer-time consuming, they are mainly used in 1D or 2Ccient by (x?)=2D,t). Despite the isotropy of the tempera-
models[13,14. However, to describe correctly the atomic ture (the rms velocity, we clearly see in Fig. (@) that the
diffusion in optical lattices, it is important to take into ac- diffusion coefficient in the direction(the periodic direction
count all possible paths in 3D space. To avoid useless growttliffers from those in thexOy plane[17]. In Fig. Zb), we
in complexity, we study an atom with the mass of cesium buhave reported the spatial diffusion coefficients as a function
with a 1/2— 3/2 transition instead of the actual45 tran-  of the potential depth. For small intensities, we obtain a di-
sition. We do not introduce any adjustable parameter to comvergence of the diffusion coefficients that is also related to
pensate for the huge differences in matrix elements. We havde “decrochagé observed in the temperature dependence
developed amd hocformulation of the optical pumping rate, of Sisyphus cooled sampld46]. Some discrepancies be-
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1.0 ——— The experiment has been repeated for several sets of pa-
g | B = Oussigeroe e rameters. The laser intensitper beam was varied in the
S 2-40-mW/cm range, while the detuning varied from5T’
E 0.6 _ to —30' (I'/2m=5.2 MHz). The measured diffusion coef-
704_ % ficients are reported in Fig.(B8). They are in qualitative
”\9 ’ agreement with the result of the numerical simulations. The
0.2 E absolute values also fall in the same range, 5 — 40
aaamufm” 108 m?/s (110 — 8804/M), within a factor of 2. Such an
0.0 T T T T T agreement was not really expected because of the absence of
00 0'? O a8 0.8 an adjustable parameter and because of the differences in the
(@) time (sec) Clebsh-Gordan coefficients between simulation and experi-
— ment. Except for the anisotropy, the diffusion coefficients are
", 0 =-10I . . .
o3 . e .0 =-15T of the same order of magnitude as the coefficients measured
3 5 A A, A =2T in six-beam periodic optical molassg. On the other hand,
= & u they contrast with the values estimated for periodic optical
g . . . '
g 1 o o - lattices[10]. However, the method used in that case differs
~ [E O om en ] .
o0 o =R greatly from the macroscopic method we use. In fact, the
A o o o i ) )
0 . . ] . authors of Ref[10] measure the decay time of an intensity
100 150 200 250 cross correlation ﬁl(r), and deduce a diffusion coefficient
b Ay (o) from it. This cross correlation signal is only sensitive to the
(b) 9 y

atoms experiencing a spin flip, so the atoms moving around

FIG. 3. (@ Time evolution of the square of the size of the while remaining in the same sublevel are not taken into ac-
atomic cloud as measured in an experiment. The detuning igount[18].
— 10l and the intensity per beam lig=7.6 mWwi/cnt. The size of The atomic transport anisotropy that we have measured in
the cloud in thex andz directions is evaluated by a Gaussian fit of the quasiperiodic optical lattices exhibits the same trend as
the fluorescence. In the inset, we show a typical horizontal slice ofje anisotropy in electron transport properties observed in
an image(b) Diffusion .coefficients, as measured from the curves Ofdecagonal phases of quasicrystals. However, one can wonder
(@ versus the light shift per be_am gt different detunings. The f'_”edabout the precise role of the quasiperiodicity in our bright
symbols indicate the vertical direction; the open ones the quasnpeertiCm lattice. We must stress that we work in a dissipative
odic plane. regime and that the atomic wave function collapses very of-

ten because of the spontaneous emission of photons. Thus,

tween the simulation data and the linear behavior, possiblyhe role of the quasiperiodicity is not to localize the wave
due to anomalous diffusion, are also observed in the verfunctions, as in solid-state quasicrystals. However, its influ-
shallow potential-well limit; however, the complete study of ence on atomic diffusion is more subtle than a mere anisot-
this limit is far beyond the scope of this Rapid Communica-ropy of different wells and hills. A simple hand-waving ar-
tion. On the other hand, for deep potential wells, the diffu-gument helps to understand the role of the quasiperiodicity in
sion coefficients hardly depend on the detunifig. 2(c)].  the dissipative regime. It is well known that in the absence of
The diffusion coefficient for the periodic direction is about periodicity the atoms preferentially fill the deepest wells
twice that for thex andy directions that are in the quasiperi- [5,7]. Just assume that the most frequent event when an atom
odic plane. escapes a potential well is that it falls in the neighboring one

The experiment is performed with cesium atoms in a low-(\/2 random walk If an atom moves in the periodic direc-
pressure cell. We first cool and trap the atoms with ation, it will fall in a well equivalent to the previous one; the
magneto-optical trap. Then we switch off the magnetic fieldnext step can then be forwards or backwards with even prob-
and the trapping laser beams and switch on the seven beamabilities. On the other hand, if the motion is in the quasiperi-
to create the decagonal quasilattice. A time-of-flight diagnosedic plane, the atom leaving a deep well can find only shal-
tic allows the determination of the vertical temperature. Thdower ones withink: the probability for the next step to be in
measured values and their dependence on the laser detunitige backward direction is then slightly higher since it puts
and intensity exhibit the usual behavior of Sisyphus coolingthe atom back in the deepest neighboring well. On the ex-
To measure the spatial diffusion coefficient, we observe th@erimental side, we have performed some preliminary mea-
expansion of the atomic cloud, as in REJ]. For this pur- surements in a periodic optical lattice directly obtained from
pose, we have developed a special acquisition system thtie seven-beam quasilattice just by blocking two beams
loads directly into the computer 54 consecutive images wittamong the five that propagate in the quasiperiodic plane. In
a 12-bit dynamics. The camera is located in the horizontathis particular case, the atomic diffusion becomes perfectly
plane, in order to see one quasiperiodic direction and théotropic, while the measured values Df are comparable
periodic one. We extract the dimension of the cloud alongwith the mean values obtained in the quasiperiodic configu-
the two orthogonal directions with a Gaussian fit. In Fig)3 ration. A more detailed comparison between periodic and
we report the square of the size of the cloud in xh@endz  quasiperiodic systems is in progress.
directions versus time, with the expected linear behavior. In conclusion, we have reported experimental and numeri-
The anisotropy of the diffusion is clearly visible in this fig- cal results on a quasiperiodic optical lattice with a fivefold
ure, as the dimension increases with twice the slope of therotational symmetry. We have measured the spatial diffusion
x dimension. of the atoms trapped in this decagonal potential and we have
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shown that the atomic diffusion is not isotropic. The diffu- and the realization of the multiple-frame grabber. The au-
sion is slower in the quasiperiodic plane than in the periodichors also thank Gilbert Grynberg from LKB and Denis Gra-
direction. These results are in agreement with the numericalas from ONERA for fruitful discussions. The Laboratoire
simulations that we have developed. The natural extension a@fe Physique des Lasers, Atomes et Males is a “Unife
this work is to switch to a nondissipative regime where thenixte de Recherche de I'Universitde Lille 1 et du CNRS.”
atomic wave function can spread over several potentiafhe Centre d’Etudes et de Recherches Lasers et Applications
wells. In this quantum regime, one can expect to mimic MOr§CERLA) is supported by the Ministe chargede la Recher-
reali_stica_lly the behavior of the electrons in the potential Ofche, the Rgion Nord-Pas de Calais, and the Fonds Elieope
the ions in a quasicrystal. de Developpement Economique des diens. Part of the
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