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Observation of Atomic Wannier-Stark Ladders in an Accelerating Optical Potential
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(Received 9 February 1996

We report observation of Wannier-Stark ladders with ultracold sodium atoms in an accelerating
one-dimensional standing wave of light. Atoms are trapped in a far-detuned standing wave that is
accelerated for a controlled duration. A small oscillatory component is added to the acceleration, and
the fraction of trapped atoms is measured as a function of the oscillation frequency. Resonances are
observed where the number of trapped atoms drops dramatically. The separation between resonant
peaks is found to be proportional to the acceleration. We show that this resonant structure can also be
understood as a temporal quantum interference effect. [S0031-9007(96)00369-9]

PACS numbers: 32.80.Pj, 42.50.Vk, 71.70.Ej
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l\/_IoUon Qf ultracold atoms in optical lattices f(_)rmed Vo cos2k, x) + Max + ( p)
by interfering beams of light has become an active area 2ky
of research in recent years. Most work so far has (1)
concentrated on near-resonant optical lattices, where the

internal atomic structure plays an important role, and &'h€re M is the mass of the atom. This equation is
wide range of phenomena have been observed [1,2]. | nalogous to the condensed-matter problem, where the

the limit of large detuning from resonance, spontaneou rst term is the periodic potential, the second term acts

scattering can be neglected, and the optical lattice creat ge a dc electric field, and the third term is the ac probe.

a dipole potential for the atoms. An interesting direction N our experiments th? periodic poten_tlal is created by
a standing wave of light. An atom in a far-detuned

is to utilize optical dipole forces due to an accelerating ) ) . :
standing wave of light to launch laser-cooled atoms,s'[and'ng wave of light experiences a potential of the

creating a cold atomic beam that could be used for atomiground state giyen bYo COS(.Zka) where V is known_
interferometry and atom optics [3,4]. This method has®S Fhe optical dipole potentlgl [8]. In the large detuning
the advantage of negligible transverse heating which iée%r]”e’ spontaneodus scattering cgm %e neglected. f
a problem for the case of resonant radiation pressure. _e qu;;(ntlze' d(_ene:rgyd _anF. 1strU(|:tur(?] or
Ultimately, by using longer-period standing waves and’ = Vo cos2k;x) is displayed in Fig. 1. It shows

weak potentials, this approach may enable launching Oge energy—wave number dispersion relation in the first

sub-recoil atoms. For sufficiently weak potentials it isriiouin zone [9]. Figure 2 displays the energy band

clear that quantum effects in atomic motion can dominatef'tructure in space. It shows that the lowest energy band

and a detailed study of quantum transport in opticalIS _the only b_and completely _conta!ned.m the yvells,
lattices is important. which clearly illustrates that this regime is deep in the
Following this direction, we report the first observation
of atomic Wannier-Stark ladders in a potential formed 200 <__—
by an accelerating standing wave of light. This is a
fundamental effect of quantum transport in optical lattices.
Wannier-Stark ladder resonances were predicted to occul
in the band structure of an electron moving in a periodicé 100 + i
lattice with a dc electric field [5], and have been the topic Ve
of extensive study in condensed-matter physics. AIthougI’a
this phenomenon was controversial for many years [6],
it was recently observed in superlattices [7]. Our work
is the first spectroscopic study of Wannier-Stark ladders 0 X X,
free from complications such as the impurities, lattice -k © 0 +ky,
vibrations, and multiparticle interactions present in solids. k
We consider the motion of ultracold atoms in an ac-
celerating potential of the forn¥, cog§2k;x — kyat> +  FIG. 1. Band structure of an optical lattice, withy/h =
ACOS{ZWV,,I)], where 4 is the accelerationp,, is the 68 kHz. This is shown for the reciprocal lattice in the reduced

dulation f A is the di ionl d zone scheme, limited to the first Brillouin zones k., +k;].
modulation frequency, and IS the dimensioniess Moadu- |, yye experiment, a phase modulation at frequengydrives

lation amplitude. In the reference frame of the standingransitions between the two lowest bands. This modulation is
wave, this potential becomes resonant for two wave numbersk,.

X CO2mvpt),
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This sample is sufficiently dilute that atom-atom interac-
tions are negligible. After the cooling and trapping stage,
the MOT laser beams and magnetic field gradient are
turned off.

The accelerating standing wave is provided by a second
stabilized single-mode dye laser tuned far (URRAGHZ)
from atomic resonance. The output beam from this laser
is split. One beam is aligned throught@ MHz acousto-
optic modulator (AOM) in a double-pass configuration,
and the twice-diffracted spot is used (nominally offset by
80 MHz), enabling the tuning of the beam frequency over

—-4n -2 0 n 4rn a range oft MHz without significant misalignment. This
2k x beam is then aligned through an electro-optic phase modu-
L lator to enable periodic phase modulation of the standing
FIG. 2. Band structure of an optical lattice, withh/2 =  wave. The other beam is aligned through &nhMHz
68 kHz. The curved line is the periodic potential plotted as oom using the first-order diffracted spot. The beams
2&5‘:&'?&%ng?ivn;]?lg”;he-rem%rzgog:ss Z?grgénbke_mds are the are linearly polarizgd, spatially filtered, .and aligned on
the trapped atoms in a counterpropagating configuration,
with a beam waist o2.4 mm in the center of the trap.
The beams are turned on simultaneously (in less than
guantum limit. When the standing wave is accelerated]50 ns) and a subset of atoms are trapped and accelerated.
the atomic wave numberk) changes in time and Prior to the interaction, the atoms are optically pumped
the atoms move periodically across the first Brillouininto the 3S,,,, F = 2 hyperfine ground state but are not
zone, a phenomenon known as Bloch oscillations. Theptically pumped into a particular Zeeman sublevel. This
Bloch period, T, is given by Tp = 2hk;/Ma, and is not a problem in the experiment since the optical
the Wannier-Stark ladder splitting is the inverse Blochdipole potential created by far-detuned, linearly polarized
period. The periodic Bloch oscillations within each light is the same for the different sublevels [12]. The
band can be interrupted by Landau-Zener (nonadiabatidyequency stability between the two beams was measured
tunneling between bands [10]. by an optical heterodyne to be better thakHz. The

In order to observe the Wannier-Stark ladder, we add atanding wave is accelerated by varying the frequency
phase modulation at, to the accelerating optical poten- difference of its two beams linearly in time. A linear
tial. The ac field can drive resonant transitions betweemamp of 4 MHz in 800 us (in one beam) creates an
the first two bands as indicated by the arrows in Fig. 1accelerating potential of500 m/s>. In the experiments
For appropriate values of the acceleration, the Landaudescribed here, accelerations of up 800 m/s’ were
Zener tunneling rate from the lowest band is negligible used, with interaction times of up tb ms. For these
while the tunneling rate from higher bands is large [11].parameters, the Landau-Zener tunneling rate from the
Therefore only the atoms in the lowest band are accellowest band is negligible, as described earlier. The
erated, while atoms in the higher bands are left behindtunneling rates are determined from a theoretical analysis
By applying a weak phase modulation and measuring th§l1], and the numerical results are in agreement with
number of atoms that are accelerated, the probability of§imple estimates in the adiabatic regime. We have
excitation can be studied. A theoretical analysis of thisalso studied experimentally the tunneling rates from the
problem finds that the transition probability as a functionlowest band in the regime of larger acceleration, and
of modulation frequency displays several equally spacefind good agreement with the theoretical analysis. The
resonances, which are identified as an atomic Wanniefinal velocity of the standing wave was chosen to be
Stark ladder [11]. 1.2 m/s (momentum o#0/k;). As shown in Fig. 3(a),

The experimental study of this system relies on coolthis velocity is sufficient to distinguish the trapped atoms
ing and trapping of atoms to prepare the initial condi-from the rest of the distribution.
tions. A magneto-optic trap (MOT) in thet — o~ After interacting with the accelerating standing wave the
configuration is used to trap and cool sodium atoms [8]atoms drift in the dark foB ms, then ther* — o~ beams
A single-mode dye laser is servolock@dMHz to the are turned back on without the magnetic field gradient,
red of the(3S;/2, F = 2) — (3P3;, F = 3) transition at forming optical molasses [8]. The motion of the atoms
589nm. Optical pumping to thé" = 1 ground state is in the molasses is effectively frozen for short times during
prevented by a sideband &t712 GHz. A cloud of ap- which the fluorescence is recorded on a charge coupled
proximately 10° atoms forms a spatial Gaussian distri- device camera [13]. Intensity fluctuations in the trapping
bution with o, = 0.12 mm. The Gaussian momentum laser are stabilized to approximatelyo to enable good
distribution has a width ofr, = 5/ik; centeredap = 0.  background subtraction of scattered light. The resulting

200

100

E/h (kHz)

4513



VOLUME 76, NUMBER 24 PHYSICAL REVIEW LETTERS 10uNE 1996

I I LR L o T T T T T T 12 T T

0.8

LIS I I L O B B B
) NN N N N N N TN S v |

0.6}

420246 -420246
displacement from MOT center (mm)

fluorescence (arb. units)

04|

FIG. 3. Distribution of atoms after exposure to an acceler-
ating standing wave. The displacement is the distance from
the atoms’ initial location in the magneto-optic trap. The flu-

orescence is proportional to the number of atoms at a given

relative fraction trapped

0.2

displacement. In (a) a fraction of the atoms was trapped by 0 ' ‘ L

the standing wave and accelerated 666 us to a final veloc- 40 60 80 100 120 140
ity of 1.2 m/s. The atoms then drifted ballistically férms,

allowing them to separate spatially from the main distribution. Vp (kHZ)

Here V,/h = 68 kHz. In (b) the fraction of trapped atoms . )

was dramatically reduced by adding a modulatiors 0.13 to FIG. 4. Wannier-Stark ladder resonances. Each point repre-
the standing wave at a frequency of = 87 kHz. At this ~ Sents an experimental run as shown in Fig. 3(b). The fraction
frequency, atoms are driven to the second band and lost b§f trapped atoms is normalized to the number that is trapped

Landau-Zener tunneling, leading to a flat shoulder in the distrivhen no modulation is applied [Fig. 3(a)]. For this spec-
bution. trum, the experimental parameters arfg/h = 75 = 7 kHz,

a = 1570 * 10 m/s*, and A = 0.096 + 0.002. The final ve-
locity was 1.2 m/s. The solid line is a quantum numerical
simulation, which uses the experimental parameters.

2D images are integrated to give the 1D distribution
along the standing-wave axis. The final distributions
are characterized by two peaks: the larger one centered
aroundx = 0 corresponds to atoms that are not trapped
by the standing wave. The smaller peak is from thethe result of a numerical integration of the time-dependent
atoms that were trapped and is centered arowrnd  Schrddinger equation that used the experimental condi-
3.5 mm. Examples of these distributions are shown intions [11]. In our first measurements of the spectra the
Fig. 3. The distribution in Fig. 3(a) was made with the resonances were resolved but broader than predicted by
phase modulation off and was used to normalize theéhe numerical simulations. We found that this was due to
distributions with the phase modulation on. In Fig. 3(b),the small Gaussian variation of the well depth for atoms
the modulation frequency was set at a Wannier-Starkthat move transversely with respect to the standing wave.
resonance, and the accelerated peak is nearly gone. In thitie absolute locations of the resonances are sensitive to
case, there is a flat shoulder corresponding to atoms that attee well depth, and as atoms move transversely across the
driven out of the well during the acceleration. Because thepatial Gaussian profile of the standing wave their reso-
final velocity is fixed, we change the linear ramp time ofnances shift. The resonant frequencies are in the range
the frequency offset to obtain different accelerations. Thef 100 kHz while the splittings are 3 to 4 times smaller,
ramp times were varied in the range fr&¥0 to 1000 s, therefore even &% variation of the resonant frequency is
corresponding to accelerations that range froB00 to  significant. To verify this picture, we limited the binning
1800 m/s>. A spectrum is measured by scanningin  window on the 2D images so that in one transverse direc-
1 kHz steps over a range of (typically)0 kHz, and each tion we restricted our measurement to a subset of colder
frequency step is repeated several times. The amplitudgtoms. We found that this procedure gave narrower reso-
of phase modulation was adjusted to optimize the visibilitynances, and it was used in all the data that are shown.
of the resonances. We found that the optimum was The Wannier-Stark splitting as a function of acceleration
0.096 where a50% increase in the amplitude causedwas determined from a range of spectra, and the results are
noticeable broadening. The laser intensity and detuninghown in Fig. 5. These results are consistent with the pre-
were adjusted to giv®,/h = 68 kHz; this value gave the dicted linear scaling, within the experimental uncertainty.
desired band structure that is shown in Fig. 2. The range of possible accelerations was limited in the ex-
An example of a measured spectrum is shown in Fig. 4periment: for smaller acceleration, the resonances are not
it has two clear resonances which are necessary to detegteanly resolved, while for larger acceleration the splitting
mine the Wannier-Stark splitting. The theoretical curve isbecomes comparable to the width of the second band.
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50 . , . cillations [17], establish atom optics as an exciting testing
ground for quantum transport in lattices.
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