
Appl. Phys. B 65, 693–700 (1997)

C© Springer-Verlag 1997

Quantum transport of ultracold atoms in an accelerating optical
potential
K.W. Madison, C.F. Bharucha∗, P.R. Morrow∗∗, S.R. Wilkinson∗∗∗, Q. Niu, B. Sundaram∗∗∗∗, M.G. Raizen∗∗∗∗∗

Department of Physics, The University of Texas at Austin, Austin, Texas 78712-1081, USA

Received: 8 July 1997

Abstract. We review our recent experiments on the motion
of 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 resonances is found to be proportional to the accel-
eration, and they are identified as a Wannier–Stark ladder. At
higher values of the acceleration, we observe an exponen-
tial decay in the number of atoms that remain trapped as a
function of the interaction time. This loss is due to quantum
tunneling, and we compare the decay rates with Landau–
Zener theory. We also observe oscillations in the tunneling
rate as a function of the acceleration; these are due to quan-
tum interference effects.

PACS: 03.75.-b; 32.80.Pj

Quantum transport of particles in spatially tailored potentials
has been a topic of active research in recent years, motivat-
ed by fundamental interest and by the prospect of controlling
electron motion in microfabricated devices. In the regime of
quantum transport, motion is dominated by tunneling and in-
terference over macroscopic regions of phase space, and there
are many basic questions that remain to be studied. The sim-
plest case of a periodic potential was first studied theoretically
in the 1930s by Bloch and Zener as a model of electron con-
duction in a crystalline lattice [1, 2]. A periodic potential in
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one dimension leads to a quantized energy structure as shown
in Fig. 1 for the case of a cosine potential [3]. The levels are
broadened into bands due to resonant tunneling between ad-
jacent wells. As the well depth is increased, tunneling in the
low-lying bands is suppressed, and particle motion is domi-
nated by single-well dynamics. Near the bottom of the well,
the harmonic approximation is valid, further simplifying the
analysis. This same band structure can also be displayed in
the reciprocal lattice, as shown in Fig. 2. This plot is a disper-
sion relation between the energyE and the quasi-momentum
hk (also referred to in textbooks as the crystal momentum).
As a familiar point of reference, free particle motion would be
represented in this picture as a parabola, due to the quadrat-
ic dependence of energy on quasi-momentum. The parabola
is distorted when the periodic potential is turned on, opening
band gaps. Note that the quasi-momentum is restricted here to
the first Brillouin zone [3]. The natural basis set for this prob-
lem is composed of Bloch states that are spatially delocalized.
An initial atomic wave packet that is spatially localized will
then spread via resonant “Bloch” tunneling.
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Fig. 1. The band structure of an optical lattice, withV0/h = 68 kHz. The
curved line is the periodic potential plotted as a function of position,φ.
The allowed energy bands are the shaded regions, while the energy gaps are
blank. The unit of energy is200 kHzandφ = 2kL x
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Fig. 2. The band structure of an optical lattice, withV0/h = 68 kHz. This is
shown for the reciprocal lattice in the reduced zone scheme, limited to the
first Brillouin zone,[−kL,+kL ]

The situation becomes much more complicated when the
translational symmetry is broken. This occurs, for example,
in a tilted periodic potential which is used as a model for
electron conduction in a DC electric field. More general-
ly, the tilt is caused by a forceF along the direction of
the potential. In the band picture, the quasi-momentum (hk)
changes in time and the particles move periodically across the
first Brillouin zone, a phenomenon known as Bloch oscilla-
tions. The Bloch period,TB, is given byTB = h/Fd, where
d is the lattice period. The quantized energy structure is also
changed when a tilt is imposed; the Bloch bands break up
into a set of equally spaced energy levels, referred to as a
Wannier–Stark ladder, with a level spacing given byh/TB [4].
The Wannier–Stark ladder marked such a dramatic departure
from the Bloch bands that this prediction was very controver-
sial [5]. In addition to “Bloch” tunneling, interband tunneling,
known as Landau–Zener tunneling [2, 6], can occur for tilts
that are much smaller than the classical limit (where there are
no local minima in the potential).

Bloch oscillations and Wannier–Stark ladders have not
been observed in a crystalline solid because scattering by
impurities, phonons and other particles effectively destroys
the required quantum coherence. Another problem is that the
natural lattice spacing is very small (several angstroms), re-
quiring very large electric fields to obtain a substantial tilt of
the potential. The situation becomes much more favorable in
superlattices that are fabricated by epitaxial growth of GaAs
and GaAlAs. The lattice constant of these structures can be
hundreds of angstroms, yielding a much shorter Bloch period
under the same electric field. In the late 1980s, Wannier–
Stark ladders were seen in optical absorption and photocur-
rent measurements of superlattices. Evidence for Bloch oscil-
lations was seen in the time domain using the technique of
four-wave mixing with picosecond lasers (for a recent review,
see [7]).

These results represent an important breakthrough in the
study of quantum transport of electrons: however, many chal-
lenges remain. Dissipation and elastic scattering by impuri-
ties are still a central problem limiting the coherent evolution
required for quantum transport. This is evident in the broad
line shapes that smear out spectral and temporal detail. The
control of initial conditions is difficult in condensed matter
experiments, and direct measurement of electron motion is
not possible. This provides motivation for the identification of

a new testing ground for these striking quantum phenomena
that can complement the superlattice experiments.

1 Wannier–Stark ladders

The development of techniques for laser cooling and trap-
ping of neutral atoms has opened up a new experimental arena
for the study of quantum transport [8]. These systems use
atoms instead of electrons and a periodic light field instead
of the periodic crystalline potential. The advantages of this
approach are precise initial state preparation and final de-
tection, negligible dissipation or defects, and the possibility
of time-resolved measurements of quantum transport. We re-
view here our recent observations of Wannier–Stark ladders
and Landau–Zener tunneling with ultracold sodium atoms in
an accelerating optical lattice [9–11]. In parallel with this
work, a group at ENS in Paris has observed Bloch oscillations
in time domain as well as Landau–Zener tunneling [12, 13].

Consider atomic motion in an accelerating potential of the
form V0 cos[2kLx−kLat2], wherea is the acceleration [14].
In the reference frame of the standing wave, this potential be-
comes

V0 cos(2kLx′)+ Max′ , (1)

where M is the mass of the atom andx′ is the position in
the co-moving frame. Atoms that are trapped and accelerated
will experience this tilted potential. This equation is anal-
ogous to the condensed-matter problem of an electron in a
periodic lattice, with an applied DC electric field, where the
term Ma is replaced byeE. In our case the periodic poten-
tial can be created by a standing wave of light formed by two
counterpropagating beams that are tuned far from an atomic
resonance. In this regime, an atom experiences a potential of
the ground state given byV0 cos(2kLx), whereV0 is known as
the optical dipole potential [15], and spontaneous scattering
can be neglected.

The acceleration of the standing wave is accomplished by
chirping the frequency difference of the two counterpropagat-
ing beams. This method is commonly used with resonant light
in atomic-fountain clocks to launch atoms upward [16]. To
describe this method in more detail, suppose first that, instead
of forming the standing wave with two counterpropagating
beams having equal frequenciesνL , the beam coming from
the left is up-shifted by a small amountδν, while the beam
coming from the right is down-shifted by the same amount. In
the reference frame moving to the right at a velocityv = λδν,
the two beams are Doppler shifted to the same frequency and
the periodic potential is stationary in this frame. Now sup-
pose thatδν is increased linearly with time between zero and
a maximum valueδνmax in a given timeta. This produces in
the laboratory frame a potential that is uniformly accelerated
with an acceleration proportional toδν̇ during ta. In contrast
to resonant atom–light interactions, the large detuning from
resonance in the present work leads to a coherent atom–field
interaction that is dissipation-free. In the co-moving frame,
the atoms experience an inertial force proportional to the ac-
celeration, in addition to the force resulting from the periodic
potential.

In order to observe the Wannier–Stark ladder, we add
a phase modulation atνp to the accelerating optical po-
tential. The potential then becomesV0 cos[2kLx− kLat2 +
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λ cos(2πνpt)], whereλ is the modulation amplitude. Trans-
forming to the co-moving frame,x′, the potential becomes

V0 cos(2kLx′)+ Max′ + (2πνp)
2Mλ

2kL
x′ cos(2πνpt) , (2)

The third term in this expression plays the role of an AC field
that can drive resonant transitions between the first two bands,
as indicated by the arrows in Fig. 3. For appropriate values
of the acceleration, the tunneling rate from the lowest band
is negligible, while the tunneling rate from higher bands is
large [9] due to the smaller band gaps. Therefore only the
atoms in the lowest band are accelerated, while atoms in the
higher bands are left behind. By applying a weak phase mod-
ulation and measuring the number of atoms that are accelerat-
ed, the probability of excitation can be studied. A theoretical
analysis of this problem shows that the transition probabil-
ity as a function of modulation frequency displays several
equally spaced resonances, which are identified as an atomic
Wannier–Stark ladder [9].

The experimental study of this system relies on cooling
and trapping of sodium atoms to prepare the initial condi-
tions. A magneto-optic trap (MOT) is used to trap and cool
the sodium atoms [15]. A single-mode dye laser locked near
the sodiumD2 transition at589 nmis used for the trapping
and cooling, and the details are described in [10]. A cloud of
approximately105 atoms forms a spatial Gaussian distribu-
tion with σx = 0.12 mm. This sample is sufficiently dilute that
atom–atom interactions are negligible over the time scale of
the experiment. The Gaussian momentum distribution has a
width of σp = 5hkL, centered atp = 0. After the cooling and
trapping stage, the MOT beams and magnetic field gradient
are turned off.

The accelerating standing wave is provided by a second
single-mode dye laser tuned far (up to20 GHz) from atomic
resonance. The optical setup is shown in Fig. 4. The beams
are linearly polarized (so that atoms in different magnetic
sublevels experience the same dipole potential), spatially fil-
tered and aligned on the trapped atoms in a counterpropagat-
ing configuration, with a beam waist of2.4 mm in the center
of the trap. The beams are turned on simultaneously (in less
than150 ns) and a subset of atoms is trapped within the first
Brillouin zone and accelerated. This method selects a two-
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Fig. 3. Tilted bands and Wannier–Stark ladders forV0/h = 80 kHz and
1500 m/s2. Arrows indicate resonant excitations by an AC modulation of
the acceleration. The unit of energy is200 kHzandφ = 2kL x
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Fig. 4. The experimental setup for the accelerating standing wave. The out-
put of a dye laser is divided using a beam splitter (B.S.). One arm is
aligned through an80 MHz acousto-optical modulator (AOM). The other
arm is aligned in a double pass configuration through a40 MHz AOM. The
two beams are aligned on the atoms in a counterpropagating configuration.
When the frequency of the double-pass AOM is set to40 MHz, the standing
wave pattern is stationary in the laboratory frame. The acceleration is im-
posed by ramping the drive frequency of that AOM linearly in time. For the
Wannier–Stark experiments, the double-pass arm also had an electro-optical
phase modulator (not shown in the figure)

photon recoil window in momentum from the center of the
initial thermal distribution. Atoms with a momentum that is
outside this window will be projected into higher bands, but
will not track the accelerations imposed.

As described above, the standing wave is accelerated by
varying the frequency difference of its two beams linearly
in time. As an example, a linear ramp of4 MHz in 800µs
(in one beam) creates an accelerating potential of1500 m/s2.
In the experiments described here, accelerations of up to
1800 m/s2 were used, with interaction times of up to1 ms.
For these parameters, the Landau–Zener tunneling rate from
the lowest band is negligible, as described earlier. The final
velocity of the standing wave was chosen to be1.2 m/s (a
momentum of 40hkL), which is sufficient to distinguish the
trapped atoms from the rest of the distribution.

After interacting with the accelerating standing wave the
atoms drift in the dark for3 ms, and then the trapping beams
are turned back on without the magnetic field gradient, form-
ing optical molasses [15]. The motion of the atoms in the
molasses is effectively frozen for short times, during which
the fluorescence is recorded on a CCD camera [17]. The
resulting 2-D images are integrated to give the 1-D distribu-
tion along the standing-wave axis. The final distributions are
characterized by two peaks: the larger one centered around
x = 0 corresponds to atoms that are not trapped by the stand-
ing wave. The smaller peak is from the atoms that were
trapped, and is centered aroundx = 3.5 mm. Examples of
these distributions are shown in Fig. 5. The distribution in
Fig. 5a was made with the phase modulation off and was
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Fig. 5a,b.The distribution of atoms after exposure to an accelerating stand-
ing wave. The displacement is the distance from the atoms’ initial location
in the magneto-optic trap. The fluorescence is proportional to the number of
atoms at a given displacement. Ina a fraction of the atoms was trapped by
the standing wave and accelerated for650µs to a final velocity of1.2 m/s.
The atoms then drifted ballistically for3 ms, allowing them to separate spa-
tially from the main distribution. HereV0/h = 68 kHz. In b the fraction of
trapped atoms was dramatically reduced by adding a modulationλ = 0.13
to the standing wave at a frequency ofνp = 87 kHz. At this frequency,
atoms are driven to the second band and lost by Landau–Zener tunneling,
leading to a flat shoulder in the distribution

used to normalize the distributions with the phase modula-
tion on. In Fig. 5b, the modulation frequency was set at a
Wannier–Stark resonance, and the accelerated peak is near-
ly gone. In this case, there is a flat shoulder corresponding
to atoms that are driven out of the well during the accel-
eration. Because the final velocity is fixed, we change the
linear ramp time of the frequency offset to obtain differ-
ent accelerations. The ramp times were varied in the range
from 650µs to 1000µs, corresponding to accelerations that
range from1200 m/s2 to 1800 m/s2. A spectrum is meas-
ured by scanningνp in 1 kHz steps over a range of (typ-
ically) 100 kHz, and each frequency step is repeated sev-
eral times. The amplitude of phase modulation was adjust-
ed to optimize the visibility of the resonances. We found
that the optimum wasλ = 0.096 where a50% increase in
the amplitude caused noticeable broadening. The laser in-
tensity and detuning were adjusted to giveV0/h = 68 kHz;
this value gave the desired band structure that is shown in
Fig. 1.

An example of a measured spectrum is shown in Fig. 6;
it has two clear resonances which are necessary to determine
the Wannier–Stark splitting. The theoretical curve is the result
of a numerical integration of the time-dependent Schrödinger
equation that used the experimental conditions [9]. In our first
measurements of the spectra, the resonances were resolved
but broader than predicted by the numerical simulations. We
found that this was due to the small Gaussian variation of the
well depth for atoms that move transversely with respect to
the standing wave. The absolute locations of the resonances
are sensitive to the well depth, and as atoms move trans-
versely across the spatial Gaussian profile of the standing
wave their resonances shift. The resonant frequencies are in
the range of100 kHz, while the splittings are three to four
times smaller: therefore even a5% variation of the resonant
frequency is significant. To verify this picture, we limited
the binning window on the 2-D images so that in one trans-
verse direction we restricted our measurement to a subset of
colder atoms. We found that this procedure gave narrower res-
onances, and it was used in all the data that are shown.
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Fig. 6. Wannier–Stark ladder resonances. Each point represents an experi-
mental run as shown in Fig. 5. The fraction of trapped atoms is normalized
to the number that is trapped when no modulation is applied (Fig. 5a). For
this spectrum, the experimental parameters are as follows:V0/h = 75±
7 kHz, a = 1570±10 m/s2, λ = 0.096± 0.002. The final velocity was
1.2 m/s. The solid line is a quantum numerical simulation, which uses the
experimental parameters

The Wannier–Stark splitting as a function of acceleration
was determined from a range of spectra, and the results are
shown in Fig. 7. These results are consistent with the pre-
dicted linear scaling, within the experimental uncertainty. The
range of possible accelerations was limited in the experiment
to the range from1200 m/s2 to 1800 m/s2: for smaller ac-
celerations, the resonances are not cleanly resolved due to
the variation in well depth over the atomic sample, while for
larger accelerations the splitting becomes comparable to the
width of the second band.

A simple physical picture of quantum interference from
multiple temporal slits can be used to describe the Wannier–
Stark ladder. The probability of absorption of a weak AC
probe was derived for the case of a one-dimensional lattice
in an external DC electric field [18]; however, the interpre-
tation of the results as a quantum interference effect was not
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Fig. 7. Splitting between Wannier–Stark ladder resonances as a function of
standing-wave acceleration. Each splitting was measured from a spectrum
as shown in Fig. 6, for a range of different accelerations, and with the other
parameters kept the same. The theoretical prediction of∆ν = aM/2hkL is
given by the solid line
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discussed. To explain this effect, consider an atom in the low-
est energy band undergoing Bloch oscillations across the first
Brillouin zone. The resonance condition for a weak phase
modulation (frequencyνp) occurs at±k0, as shown in Fig. 2.
During one Bloch periodTB, the atom experiences two res-
onant drives separated in time. The probability for an atom
to make a transition to the second band after undergoingN
Bloch oscillations was shown [18] to be proportional to

sin2(βbN/2)

sin2(βb/2)
, (3)

whereβb is a function ofνp. This is the result for multiple-slit
interference and is most familiar in the context of optics [19].
Temporal quantum interference provides physical insight for
the appearance of the Wannier–Stark ladder, but it cannot pre-
dict the details of the spectrum (Fig. 6), such as the peak
height, the width and the exact locations of the resonances.

2 Atomic tunneling

Tunneling of atoms through a barrier should become an im-
portant process at sufficiently low temperatures. A possible
candidate for such an experiment would be an ultracold atom
incident on a sheet of blue-detuned light that forms a one-
dimensional repulsive optical dipole potential [14]. The bar-
rier height could easily be controlled by adjusting the laser
intensity. The difficulty with this experiment is that the bar-
rier width is very large, because focusing of a sheet of light
is limited to several micrometers, making the tunneling prob-
ability extremely small. The small focus also entails rapid
divergence of the beam, leading to a spread in barrier width.
The parameters required for such an experiment appear to be
very difficult to attain.

The problem with the barrier width can be solved by using
the accelerating standing wave. A simple picture of the atom-
ic tunneling process can be obtained by transforming the
potential into the co-moving coordinates of the accelerated
atoms,V0 cos(2kLx′)+ Max′, where M is the mass of the
atom andx′ is the coordinate in the accelerated frame. In the
co-moving frame, the atoms see a “washboard potential” and
escape via tunneling. The barrier width in this case can be
much less than the wavelength of light, achieving the desired
goal. Another advantage of this approach is that the signature
for tunneling is in momentum space rather than real space. It
is interesting to ask what is the largest acceleration that can be
imposed on an atom for a given well depth?

There is clearly a classical limit to the tilt, when there
are no local minima in the potential. This occurs foracl =
2kLV0/M, and for accelerations smaller than this value a
particle can be stably trapped in one of the wells. Quantum
mechanics, however, allows for tunneling from the wells to
the continuum, in striking contrast to the classical prediction,
and this effect can become important for accelerations that are
much smaller than the classical limit.

A complimentary model of tunneling from the acceler-
ating periodic lattice can be developed using the reciprocal
lattice. Atoms are initially prepared in the lowest band. When
the standing wave is accelerated, the wave number changes in
time, and the atoms undergo Bloch oscillations across the first
Brillouin zone. As the atoms approach the band-gap, they can

make Landau–Zener transitions to the next band. Once the
atoms are in the second band, they rapidly undergo transitions
to the higher bands and are effectively free particles [9].

To observe tunneling in our experiment, we recognized
that atoms initially trapped in the MOT can be (1) trapped and
accelerated by the standing wave for the duration of the ex-
periment, (2) trapped for some time before tunneling out of
the wells, or (3) not trapped at all by the standing wave. The
first category of atoms is the one of interest: the number of
atoms in this group is proportional to the survival probabil-
ity for the duration of the acceleration. To distinguish these
surviving atoms from those that were lost from the wells,
we implemented a three-step acceleration sequence using an
arbitrary wave form generator to drive an acousto-optic mod-
ulator.

Figure 8 shows how the acceleration was varied to sep-
arate each category of atoms in velocity. After the MOT
fields were turned off, the standing wave was turned on for
20µs with zero acceleration; a portion of the cold atoms
was trapped in the potential wells at this point. The poten-
tial was then accelerated at a (typical) rateaslow = 1500 m/s2

until the standing wave reached an intermediate velocityvint
(typically 1.05 m/s). This stage separated the trapped atoms
from the rest of the distribution. The loss from the wells
due to tunneling is negligible duringaslow. The accelera-
tion was then switched to a higher value (afast) in the range
4500–10 000 m/s2, which changed the tilt of the potential,
thus increasing the tunneling probability between the bound
state and the continuum. After a controlled period of timeT,
the acceleration was switched back toaslow in order to iso-
late the surviving atoms from those that had tunneled. This
acceleration was maintained until the standing wave reached
the final velocityvf (typically 2.4 m/s), after which the beams
were turned off. The acceleration sequence was measured
in optical heterodyne on a digital storage oscilloscope. The
time response of the standing wave to accelerations was de-
termined by imposing phase modulation and measuring the
modulation index as a function of the drive frequency. We
found that the total switching time was less than500 ns.

µ
Fig. 8. The three-stage acceleration process used to study tunneling. This
figure is a digitized heterodyne signal of the two counterpropagating beams,
taken as the frequency difference was varied. A slope of5.1 kHz/µs corres-
ponds to an acceleration of1500 m/s2
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The two-peaked distribution shown in Fig. 9a represents
atoms trapped and accelerated tovf , for aslow = 1500 m/s2

andT = 0. The large peak centered aroundx = 0 corresponds
to atoms that were not trapped by the standing wave. The
small peak atx = 7 mm corresponds to atoms that remained
trapped and were accelerated tovf ; the area of this peak is
proportional to the number of these atoms. The clean sepa-
ration of the two peaks foraslow indicates that tunneling is
negligible, and this is supported by a theoretical analysis de-
scribed below. The distribution in Fig. 9b is for the case in
which afast = 10 000 m/s2 and T = 47µs. It shows a three-
peak distribution. The middle asymmetric peak represents
atoms that tunneled out of the wells, and the peak on the right
represents the surviving atoms. The normalization is taken to
be the total area under these two peaks, which is proportional
to the number of atoms initially prepared in the lowest band.

To determine a decay rate, we variedT and measured the
survival probability with all the other parameters fixed. The
result of a typical run is displayed in Fig. 10a, and it clearly
demonstrates an exponential decay in the survival probabili-
ty. The slope of this curve is a measurement of the tunneling
rateΓ .

In order to claim that the loss of atoms is due to tunneling,
it is necessary to rule out other loss mechanisms which would
also appear as an exponential decay. Several possibilities are
amplitude and phase noise of the optical potential, switching
between different accelerations, beam pointing stability and
spontaneous scattering. As we show below, these effects are
negligible over the short (several hundreds of microseconds)
duration of the experiment. These same effects, however, can
pose very serious limitations on longer time scales, such as in
experiments to observe Bloch tunneling in an optical lattice,
or in optical dipole force traps for Bose condensation.

The amplitude and phase noise were studied using pho-
todiode signals and optical homodyne measurements respec-
tively. The signal levels of phase noise in these experiments
were far below those required to cause any observable loss
of atoms in our study of Wannier–Stark ladders [10]. Deple-
tion of the trapped atoms could be induced by adding a much
larger level of phase noise. The amplitude of each run was
monitored on a digital storage oscilloscope, and traces with

Fig. 9a,b.The distribution of atoms after exposure to an accelerating stand-
ing wave. The displacement is the distance from the atoms’ initial location
in the magneto-optic trap. The fluorescence is proportional to the number
of atoms at a given displacement. Ina a fraction of the atoms was trapped
by the standing wave and accelerated for1500µs to a final velocity of
2.2 m/s. The atoms then drifted ballistically for3 ms, allowing them to sep-
arate spatially from the main distribution. HereV0/h = 92 kHz. In b a fast
acceleration of10000 m/s2 was turned on for a duration of47µs, leading
to substantial tunneling

µµ
Fig. 10. a An example of an experimentally measured survival probability
for aslow = 1200 m/s2, afast = 4500 m/s2 and V0/h = 50.8 kHz as a func-
tion of the duration of the fast acceleration. Note that the vertical axes are
logarithmic. The solid line is an exponential fit to the data.b The theoreti-
cal autocorrelation function (a projection of the time-evolved state on to the
initial state) for the casea = 4500 m/s2 andV0/h = 55 kHz. The solid line
is an exponential fit to the peaks of the oscillations, starting from the third
peak to avoid short-time, non-exponential effects

amplitude spikes were rejected. Fast switching between dif-
ferent accelerations has high frequency components which
could possibly drive atoms out of the wells. We checked this
by varying the switching times, but did not observe any such
loss. Spontaneous scattering could induce loss from the ac-
celerating potential and must be minimized in order to study
tunneling. For the experiments described here, the probability
of spontaneous scattering is estimated to be 10% for an in-
teraction time of1 ms. Since the period of large acceleration
was at most200µs, the spontaneous scattering probability
during that crucial interval is negligible. In general, we did
not observe any loss of atoms duringaslow which would have
appeared as a shoulder between the two peaks.

We now show that the observed decay rates are in
good agreement with the predictions of quantum mechan-
ics. Figure 11 displays our measurements of(Γ)−1 as a
function of acceleration. The well depth in this case was
V0/h = 72 kHz, with an uncertainty of±10%. The corre-
sponding band structure in the absence of acceleration has
one band contained within the wells with a width of5 kHz.
The gap between the first and second bands is70 kHz, and
the second band has a width of40 kHz. The dashed curve is
a theoretical prediction of the tunneling rate from Landau–
Zener (L–Z) theory,ΓLZ = (a/2vr) exp(−ac/a). Here ac =
2π(Egap/2)2/2h2kL is a critical acceleration, whereEgap is
the energy gap between the first and second bands [2, 9]. This
formula is derived from a simple two-level model with an
avoided crossing between the levels, assuming that the transi-
tion only occurs at the avoided crossing. It is frequently used
in atomic and molecular physics to describe collisions: how-
ever, it is difficult in those cases to obtain the L–Z rates from
first principles, due to the complexity of the potential curves.
The present atom optics system provides a unique opportuni-
ty for absolute comparison with theory, and it is interesting to
see how the tunneling rate compares with the L–Z prediction.
We see that the experimental points (solid dots) approximate-
ly follow the L–Z prediction, but clearly display oscillations
as a function of the acceleration. At large values of the ac-
celeration, the results approach the L–Z curve, while at the
smaller values the deviations become larger and sharper.

What is the physics behind these oscillations? The L–Z
model assumes that the inter-band transitions occur only at
the band gaps (the points of closest approach between the
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Fig. 11. The tunneling lifetime as a function of acceleration. The experi-
mental data are marked by solid dots. The uncertainty in the exponential fits
which determineΓ is typically ±2%, and the uncertainty in the acceleration
for the range shown is±50 m/s2. The dashed line is the prediction of L–Z
theory. The experimental well depth wasV0/h = 72 kHz, with an uncertain-
ty of ±10%. The data are bracketed between quantum simulations for wells
depths ofV0/h = 60 kHz (solid triangles) andV0/h = 72 kHz (solid dia-
monds), and the L–Z prediction is for an intermediate value,V0/h = 66 kHz

bands), and that there are no correlations between successive
periods of the Bloch oscillation. In the present system, the
band curvature is not large, and transitions are no longer lim-
ited to the gap but can occur at different points along the band.
A theoretical analysis of this problem shows that, in a single
Bloch period, there are contributions to the tunneling proba-
bility at points of both nearest and farthest approach between
the bands, where their slope is zero [20, 21]. Contributions
from other points along the band cancel out. This leads to in-
terference effects in the tunneling probability, which depend
on the Bloch period. The period of oscillation in the tunnel-
ing rate (as a function of acceleration) is proportional toa,
while the amplitude of the oscillation is inversely proportion-
al toa. At smaller values of the acceleration, deviations about
the L–Z prediction are considerably larger. This is physi-
cally reasonable, because coherent effects become dominant
when tunneling out of the second band is slow compared to
the Bloch period. The extreme case is the coherent regime
of Bloch oscillations and Wannier–Stark ladders, where tun-
neling from the trapped state plays no role. The interplay
between coherent and irreversible effects has been studied
theoretically and observed, for example, in atomic physics ex-
periments [22, 23]. The present experiments, however, enable
a detailed study of these effects in a much simpler setting, and
with no adjustable parameters.

These oscillations are also seen in the quantum simula-
tions shown in Fig. 11, where the time-dependent Schrödinger
equation is solved fora = afast. The initial condition is sim-
ply taken to be the lowest state of the potential witha = 0
and its survival probability is the projection of the time-
dependent solution on to the initial state. As seen from
Fig. 10b, this autocorrelation function exhibits Bloch oscil-
lations with decaying amplitude. The decay of the peaks
is clearly exponential, and the computed time constant for
this ideal calculation provides the tunneling rate used in the
comparison with experiment. The largest experimental uncer-

tainty for this comparison with theory is in the well depth
V0 (±10%), and the experimental data are bracketed between
two numerical simulations. Given the high sensitivity of tun-
neling rate to the well depth, the agreement withan ideal
simulationover the range of accelerations is quite good, and
further confirms the observation of tunneling.

3 Summary

In summary, our observations of Wannier–Stark ladder reso-
nances and tunneling of ultracold atoms, combined with the
recent results of the ENS group, establish atom optics as an
new testing ground for quantum transport. We have recent-
ly extended this work to observe short-time deviation from
exponential decay, a basic quantum effect that was predict-
ed over 40 years ago, but not seen experimentally until now
[24–26]. In future studies of the Wannier–Stark ladder, we
will work to reduce the variation in well depth over the atomic
sample. This should enable the measurement of the spectrum
for smaller values of the acceleration, and should allow a
detailed study of the complex line shapes. Improved signal-
to-noise should also enable a measurement of tunneling rates
at smaller accelerations, where the deviations from L–Z the-
ory are most important. The study of non-exponential decay
will focus on the question of inhibition of tunneling by repeat-
ed measurement, and should address issues of irreversibility
and measurement in a simple and controlled quantum system.
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