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Ratchet for Cold Rubidium Atoms: The Asymmetric Optical Lattice
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It was suggested recently that particles evolving in a bipotential that is macroscopically flat but locally
asymmetric can be set into directed motion [J. Prostet al.,Phys. Rev. Lett.72, 2652 (1994)]. We show
evidence of this effect using cold rubidium atoms in a grey optical lattice. [S0031-9007(98)08213-1]
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Molecular motors that convert chemical energy into m
chanical energy, for example in muscles, are a subject
considerable interest. Motivated by recent experimen
observations on individual molecular motors [1], a ratche
type model was proposed to explain the molecular dyna
ics [2]. This model describes the molecules as classi
or quantum [3] Brownian particles evolving in a periodi
sawtooth potential. Because both parity and time rever
symmetry are violated, a directional motion of particles
possible, although there is apparently no net force act
on them [4]. Model experiments performed with colloida
particles or polystyrene spheres showed good agreem
with theoretical predictions [5]. More elaborate theoretic
models consider the particle as existing in two states, ea
of them experiencing a different potential. Both potentia
areperiodicbutasymmetric. When the transition rates be-
tween the two states differ from their values at Boltzman
equilibrium, a directional average motion is predicted [6
In this paper we present a closely related situation of
asymmetric bipotential occurring in laser cooling and r
port the observation of directed motion of rubidium atom
in this optical bipotential.

Consider an atom with an electronic transition connec
ing a ground state having an angular momentumF  1
to an excited state having the same angular moment
F 0  1. If this atom interacts with an electromagneti
field polarized in thexOy plane (nop component), it
is well known that all the physics can be described
terms of aL system which includes the two ground-stat
Zeeman sublevelsm  21 and m  1 and the excited
sublevel m0  0 [7]. This transition has been widely
studied in the context of velocity selective cooling b
population trapping (VSCPT) [8]. Furthermore, if the
light intensity is sufficiently small or if the frequency de
tuning D from the atomic resonance is sufficiently large
it is possible to eliminate adiabatically the excited su
level and to describe all the physical processes inside
two-level subspacehm  21, m  1j [7]. The master
equation then contains (i) a Hamiltonian evolution in th
optical bipotential due to the light shifts and (ii) dampin
processes originating from absorption-spontaneous em
sion cycles. Because such aL system accommodates a
statejNCl which is not coupled to the excited state [9
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the corresponding optical potentialVNC is flat (VNC  0)
and the Hamiltonian appears as the sum of the kinetic e
ergy p2y2M (where M is the atomic mass) and of the
potential energyVCjCl kCj (with kNC j Cl  0).

In the following, we consider a unidimensional (1D)
situation with two counterpropagating beamsE1 and E2
of the same amplitudeE0, same frequencyv and linear
polarizations e1  cossuy2dex 1 sinsuy2dey and e2 
cossuy2dex 2 sinsuy2dey (lin-u-lin configuration). The
optical potential associated withjCl is VC  h̄DsDszdy2,
where D  v 2 v0 (v0: atomic resonance frequency),
s  V2y2

D21G2y4 , V  dE0yh̄ (d being the reduced matrix
element of the electronic dipole moment),G the natural
width of the excited state, andDszd  1 1 cosu coss2kzd.
In order to have a spatially modulated potentialVNC, a
small magnetic fieldB0 along Oz can be added. The
Zeeman shift then leads to

VNC  2h̄V0 sinu sins2kzdyDszd , (1)

with V0  gmBB0 (g: Landé factor of the ground state,
mB: Bohr magneton). The potentialsVNC and VC (the
latter now differs slightly fromDsDszdy2 because of
the Zeeman effect) are shown in Fig. 1. Such a syste
corresponds to a 1D grey optical lattice where efficien
Sisyphus cooling is achieved forD . 0 [10], leading to
trapping of a large fraction of the atoms in the asymmetr
wells of VNC. Consider an atom oscillating in such a wel
(betweenA and B in Fig. 1). The transition probability
from jNCl to jCl due to B0 shows a smooth variation
betweenA and B. In particular, a transition can start
from a point M located on the left-hand side of the
potential minimum. Once injCl (M ! N in Fig. 1),
the atom undergoes an oscillation that is interrupted by
spontaneous Raman process that brings the atom back
jNCl (P ! Q in Fig. 1). The jumps between the potentia
curves thus tend to drag the atom to the right-hand si
of Fig. 1. We observe that because of the long lifetim
of atoms injNCl, a jump from jNCl to jCl is a rather
rare event, so that the atoms undergo many oscillations
a well of the jNCl potential between successive jumps
(There is another reason for the jumps which is th
nonadiabatic coupling—this coupling is essential for th
velocity damping.) It should also be noticed that in
© 1999 The American Physical Society 851
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FIG. 1. Optical bipotential in the lin-u-lin configuration with
a longitudinal magnetic fieldB0. The parameters areu 
45±, DyG  2, VyG . 0.65, andV0  60vR [where h̄vR 
h̄2v2ys2Mc2d is the recoil energy]. The curves represent th
exact optical potential, obtained by diagonalizing the tot
Hamiltonian (light shift and Zeeman shift). An atom oscillatin
betweenA andB can shift to the neighboring well because of
transition inVC .

the case of thermal equilibrium where detailed balance
satisfied, the transition probability fromjNCl to jCl peaks
nearB (Fig. 1), which inhibits the directed motion.

On inspection of Eq. (1), we see immediately that th
asymmetry ofVNC changes sign whenB0 is reversed.
Second, we remark that the potential becomes symm
rical for u  0, 6py2. Third, VNC has opposite asym-
metries foru  u0 and u  2u0. Implications for the
occurrence and the sign of the directed motion will b
presented with the experimental results.

To perform the experimental study, we start from
rubidium atoms (87Rb) trapped and cooled in a magneto
optical trap (MOT) [11]. At a certain time we switch off
the MOT beams and inhomogeneous magnetic field a
switch on the grey lattice beams operating on the bl
side of the 5S1y2 sF  1d ! 5P3y2 sF0  1d transition,
the static magnetic fieldB0 and repumping beams blue
detuned by2G from the5S1y2 sF  2d ! 5P3y2 sF0  2d
transition (which prevent a leakage of atoms into th
F  2 hyperfine sublevel). The counterpropagating gre
lattice beams are vertical while the repumping beams
in the horizontal plane. The spatial displacement of co
atoms is measured using a CCD camera by direct imag
of the atomic cloud (whose initial radius is,1 mm).
One technique is to use the faint image of the gre
lattice itself. This requires the averaging of a significa
number of images (,100) because atoms injNCl scatter
very few photons. An example of measurements do
with this method is shown in Fig. 2a where the atom
displacementd as a function of the lattice durationtL

is presented. After a transient period, the displaceme
increases linearly with the lattice duration, showing th
occurrence of a directional motion with an averag
velocity y  100 mmysec (i.e.,y . 17yR where yR is
the recoil velocityyR  h̄vyMc). Note that this velocity
is larger by several orders of magnitude than the velocit
found in macrophysics [5,6]. When the sign ofB0 is
reversed, the asymmetry ofVNC is inverted and we
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FIG. 2. (a) Atomic displacementd1 (squares, forB0 . 0)
andd2 (circles, forB0 , 0) as a function of the durationtL of
the asymmetric lattice. The experimental parameters areu 
45±, DyG  2, V0  140vR , ands . 0.3. The displacements
were measured by averaging 100 images of the cloud ta
during the grey lattice phase. The axis is oriented in t
direction of gravity. Gravity is the origin of the asymmetr
of the displacements observed for opposite magnetic fie
(b) Velocity distributionNsyzd of the atoms forB0 . 0 (top)
and for B0 , 0 (bottom), obtained by a time-of-flight method
for u  45±, DyG  2, jV0j  95vR , s . 0.1, tL  6 ms.
The asymmetry of the two velocity distributions is reverse
for opposite signs ofB0. For B0  0 the velocity distribution
is symmetric and centered aroundyz  0 (dashed line). The
effect of gravity is also visible here (y  7 mmys for B0 . 0
andy  25 mmys for B0 , 0).

observe an atomic displacement occurring in the oppo
direction. However, the asymptotic velocity measured
this case is not exactly opposite to the velocity measu
in the former case. Because of the additional effe
of gravity, y is always larger for a motion directed
downwards than for a motion directed upwards.

In fact, we can get information that goes beyon
the sole determination of the average velocity. We c
determine the whole velocity distribution using a ballist
method. For this purpose, we create a sheet of li
10 cm below the cloud of cold atoms. This sheet
light is resonant with the5S1y2 sF  1d ! 5P3y2 sF0 
2d transition. When the grey lattice beams andB0 are
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switched off, the rubidium atoms fall freely. The tim
variation of the absorption when the atoms cross the sh
of light is directly related to the velocity distribution
[11]. We present in Fig. 2b the velocity distribution
Nsyzd measured forV0  695vR and for u  245±,
DyG  2, s . 0.1, tL  6 ms. One notices that the
asymmetry of the velocity distribution is reversed fo
opposite signs ofB0 and is mostly located in the wings
of Nsyzd. In fact, the core ofNsyzd is associated with
the atoms localized in a well of theVNC potential where
they undergo an oscillatory motion. On this core
superimposed the contribution from atoms traveling fro
one well to another because of a transition fromjNCl to
jCl (see Fig. 1).

The experimental results presented hereafter were a
obtained by imaging, but instead of tracking the fai
image of the grey lattice, we applied after a grey la
tice phasetL a flash of two beams nearly resonan
on the 5S1y2 sF  1d ! 5P3y2 sF0  2d and 5S1y2 sF 
2d ! 5P3y2 sF0  3d transitions. This gives the displace
ment d of the atomic cloud att  tL. To avoid the
supplementary effect of gravity, we measured the d
placementsd1 and d2 for opposite values ofB0 and
plotted the variation ofd  sd2 2 d1dy2. We show in
Fig. 3 the dependence ofd versusu for V0  2170vR ,
DyG  2, s . 0.2, andtL  6 ms. As expectedd  0
when the potentialsVC andVNC become symmetric, i.e.,
for u  0, 6py2. We also find thatd is an odd func-
tion of u, in agreement with the change of asymmetry
the potentials under the transformationu ! 2u. We also
studied the variation of the displacementd with the Zee-
man shiftV0. It increases at lowV0, reaches a maximum
for V0 , Dsy2 and decreases whenV0 further increases.
These observations correspond to the fact that the po
tials lose their asymmetry forV0 °! 0 andV0 ¿ Dsy2.
[In this last case the perturbative expression of Eq. (1)
no longer valid—one has to calculate the exact potentia

The preceding experimental observations are suppor
by results from a semiclassical numerical Monte Car
simulation of the atom dynamics [12]. For exampl
we show in Fig. 4 the time evolution of the spatia
distribution Nszd of an initially well-localized atomic
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FIG. 3. Experimental results showing the atomic displaceme
d  sd2 2 d1dy2 as a function of the angleu between the
linear polarizations of the two lattice beams, forDyG  2,
V0  2170vR , s . 0.2, tL  6 ms.
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sample (parameters:u  45±, DyG  2, VyG  1.8,
V0  250vR). The directed motion and the spreading
of the density are clearly visible in these data. (We
have checked that such a motion disappears when w
force the transition rates to obey detailed balance.) Th
average velocity isy  1.5yR . This velocity is three
times smaller than the velocity found experimentally in
the same conditions. In fact, in the case of a1 ! 1
transition it is well known that the atomic dynamics
for small B0 requires a full quantum treatment [8] and
quantum corrections remain important as long asV0 ,

Ds [13]. The semiclassical simulation is quantitatively
correct only whenV0 ¿ Ds [14]. Indeed, there might
be some relation between this discrepancy and the rece
observation by Reimannet al. [3] that quantum tunneling
can significantly modify the flux in a similar problem.
(An additional problem in the simulation is the fact that
the distant hyperfine transitions are neglected.)

It is interesting to compare our experimental situation
with previous studies on cold atoms where a directe
motion is found. The simplest case corresponds tos1 2

s2 molasses in the presence of a longitudinal magnet
field. In this case, the atoms are cooled and bunche
around a velocity group that shifts linearly withB0 [15].
A similar argument can be applied for VSCPT in the sam
field configuration. However, it can easily be shown tha
the optical potentials for this field configuration areflat
whatever the angular momentaJ and J 0 of the ground
and excited states. The microscopic description of th
directed motion is thus completely different. Another
related problem was studied by Grimmet al. [16] and
described in terms of rectified forces. This force is found
for a field configuration identical to the one considered
in this paper, but theory and experiments were develope
for J ! J 0 transitions and a strong saturation is generally
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FIG. 4. Numerical results obtained by a semiclassical Mont
Carlo simulation, showing the temporal evolution of the spatia
distributionNszd of the atoms, foru  45

±

, DyG  2, VyG 
1.8, V0  250vR . The unit of time is1yG

0
C , whereG

0
C is the

atomic lifetime injCl averaged over one spatial period.
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considered. As a result, the atoms undergo freque
jumps between the various optical potentials (the distan
covered by an atom in a potential curve is much smalle
than the spatial period). In this case, which correspon
to the so-called “jumping regime,” one can define at eac
point an average force (the dipole force) [7]. This force
derives from a potential which isnot periodic. From
the average slope of this potential, one can determi
the velocity around which the atoms are bunched. He
one expects a shift of the velocity distribution and not
modification of the wings as in the case of our experimen
(Fig. 2b). The difference is that our study is performe
in the “oscillating regime” where localized atoms underg
several oscillations inside a potential well of the lowes
potential curve (VNC) before being transferred towards
the other potential (VC). It is well known [7,12] that
the dipole potential cannot be used in the oscillatin
regime and the dynamics must be studied with all th
potential curves. (For the1 ! 1 transition considered
here, provided the Zeeman shifth̄V0 is much larger than
the recoil energyh̄vR , the oscillating regime is found
whenV0 , sD2yG, the jumping regime occurring above
this value.) To conclude this section it is interesting to
note that although neither thes1 2 s2 configuration nor
the rectified force leads to a problem that is describe
by an asymmetric periodic bipotential, they do, howeve
correspond to a field configuration in agreement with th
Curie symmetry law [4].

In conclusion, we have shown that cold atoms provid
an interesting demonstration for a statistical physic
problem that was originally considered for a completel
different subject [6]. Because it is easy to tailor potential
and dissipation with cold atoms, we believe that tighte
links between statistical physics and laser cooling will b
developed in the future.
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