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Abstract. We review our recent experiments on the motionone dimension leads to a quantized energy structure as shown
of ultracold sodium atoms in an accelerating one-dimensionah Fig. 1 for the case of a cosine potential [3]. The levels are
standing wave of light. Atoms are trapped in a far-detunedbroadened into bands due to resonant tunneling between ad-
standing wave that is accelerated for a controlled duratiojacent wells. As the well depth is increased, tunneling in the
A small oscillatory component is added to the accelerationpw-lying bands is suppressed, and particle motion is domi-
and the fraction of trapped atoms is measured as a function ofited by single-well dynamics. Near the bottom of the well,
the oscillation frequency. Resonances are observed where ttiee harmonic approximation is valid, further simplifying the
number of trapped atoms drops dramatically. The separaticemalysis. This same band structure can also be displayed in
between resonances is found to be proportional to the accehe reciprocal lattice, as shown in Fig. 2. This plot is a disper-
eration, and they are identified as a Wannier—Stark ladder. Afion relation between the energyand the quasi-momentum
higher values of the acceleration, we observe an exponehk (also referred to in textbooks as the crystal momentum).
tial decay in the number of atoms that remain trapped as As a familiar point of reference, free particle motion would be
function of the interaction time. This loss is due to quantunrepresented in this picture as a parabola, due to the quadrat-
tunneling, and we compare the decay rates with Landauie dependence of energy on quasi-momentum. The parabola
Zener theory. We also observe oscillations in the tunnelings distorted when the periodic potential is turned on, opening
rate as a function of the acceleration; these are due to quaband gaps. Note that the quasi-momentum is restricted here to

tum interference effects. the first Brillouin zone [3]. The natural basis set for this prob-
lem is composed of Bloch states that are spatially delocalized.
PACS: 03.75.-b; 32.80.Pj An initial atomic wave packet that is spatially localized will

then spread via resonant “Bloch” tunneling.

Quantum transport of particles in spatially tailored potentials

has been a topic of active research in recent years, motivat- 2. 0
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 thete
are many basic questions that remain to be studied. The sin® 1
plest case of a periodic potential was first studied theoreticall

in the 1930s by Bloch and Zener as a model of electron corn-
duction in a crystalline lattice [1, 2]. A periodic potential in 0. 5
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< a new testing ground for these striking quantum phenomena
that can complement the superlattice experiments.

1 Wannier-Stark ladders
Ve 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
0 X ) i of the periodic crystalline potential. The advantages of this
-k °© 0 —K approach are precise initial state preparation and final de-
K tection, negligible dissipation or defects, and the possibility

of time-resolved measurements of quantum transport. We re-

Fig. 2. The band structure of an optical lattice, wilg/h = 68 kHz Thisis  view here our recent observations of Wannier—Stark ladders
shown for the reciprocal lattice in the reduced zone scheme, limited to th‘énd Landau—Zener tunneling with ultracold sodium atoms in

first Brillouin zone, [k, k] an accelerating optical lattice [9—-11]. In parallel with this

work, a group at ENS in Paris has observed Bloch oscillations

The situation becomes much more complicated when thi& time domain as well as Landau—Zener tunneling [12, 13].
translational symmetry is broken. This occurs, for example Consider atomic motion in an apceleratlng potenual of the
form Vo cog2k,x — k_at?], wherea is the acceleration [14].

in a tilted periodic potential which is used as a model for _ . ;
electron conduction in a DC electric field. More general-'nthe reference frame of the standing wave, this potential be-
comes

ly, the tilt is caused by a forc& along the direction of
the potential. In the band picture, the quasi-momentik) ( v/, cog 2k, x') + Max’ (1)
changesin time and the particles move periodically across the

first Brillouin zone, a phenomenon known as Bloch oscilla-where M is the mass of the atom and is the position in
tions. The Bloch period]g, is given byTg = h/Fd, where the co-moving frame. Atoms that are trapped and accelerated
d is the lattice period. The quantized energy structure is alswill experience this tilted potential. This equation is anal-
changed when a tilt is imposed; the Bloch bands break upgous to the condensed-matter problem of an electron in a
into a set of equally spaced energy levels, referred to as periodic lattice, with an applied DC electric field, where the
Wannier—Stark ladder, with a level spacing giverhgyig [4].  term Ma is replaced byeE. In our case the periodic poten-
The Wannier—Stark ladder marked such a dramatic departuti@l can be created by a standing wave of light formed by two
from the Bloch bands that this prediction was very controvercounterpropagating beams that are tuned far from an atomic
sial [5]. In addition to “Bloch” tunneling, interband tunneling, resonance. In this regime, an atom experiences a potential of
known as Landau—Zener tunneling [2, 6], can occur for tiltsthe ground state given By cos2k. x), whereVp is known as

that are much smaller than the classical limit (where there aréie optical dipole potential [15], and spontaneous scattering
no local minima in the potential). can be neglected.

Bloch oscillations and Wannier—Stark ladders have not The acceleration of the standing wave is accomplished by
been observed in a crystalline solid because scattering hirping the frequency difference of the two counterpropagat-
impurities, phonons and other particles effectively destroying beams. This method is commonly used with resonant light
the required quantum coherence. Another problem is that thie atomic-fountain clocks to launch atoms upward [16]. To
natural lattice spacing is very small (several angstroms), redescribe this method in more detail, suppose first that, instead
quiring very large electric fields to obtain a substantial tilt ofof forming the standing wave with two counterpropagating
the potential. The situation becomes much more favorable iheams having equal frequencigs, the beam coming from
superlattices that are fabricated by epitaxial growth of GaAghe left is up-shifted by a small amouét, while the beam
and GaAlAs. The lattice constant of these structures can bgming from the right is down-shifted by the same amount. In
hundreds of angstroms, yielding a much shorter Bloch periothe reference frame moving to the right at a veloeity Adv,
under the same electric field. In the late 1980s, Wannierthe two beams are Doppler shifted to the same frequency and
Stark ladders were seen in optical absorption and photocuthe periodic potential is stationary in this frame. Now sup-
rent measurements of superlattices. Evidence for Bloch oscipose thabv is increased linearly with time between zero and
lations was seen in the time domain using the technique af maximum valuévmax in a given timet,. This produces in
four-wave mixing with picosecond lasers (for a recent reviewthe laboratory frame a potential that is uniformly accelerated
see [7)). with an acceleration proportional 8¢ duringta. In contrast

These results represent an important breakthrough in thHe resonant atom-light interactions, the large detuning from
study of quantum transport of electrons: however, many chakesonance in the present work leads to a coherent atom—field
lenges remain. Dissipation and elastic scattering by impurinteraction that is dissipation-free. In the co-moving frame,
ties are still a central problem limiting the coherent evolutionthe atoms experience an inertial force proportional to the ac-
required for quantum transport. This is evident in the broadeleration, in addition to the force resulting from the periodic
line shapes that smear out spectral and temporal detail. Tigotential.
control of initial conditions is difficult in condensed matter ~ In order to observe the Wannier-Stark ladder, we add
experiments, and direct measurement of electron motion @& phase modulation at, to the accelerating optical po-
not possible. This provides motivation for the identification oftential. The potential then becom&g cog2k x — k_at? +

E/h (kHz)
o
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1 cog2mvpt)], where is the modulation amplitude. Trans-  From Dye Laser
forming to the co-moving framex/, the potential becomes ‘

(271vp)2 M N4

Vg cog 2k, X') + Max +
2k

X" cog2mvpt) , 2 B.S. N2
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The third term in this expression plays the role of an AC field
that can drive resonant transitions between the first two band
as indicated by the arrows in Fig. 3. For appropriate value =~ <~——
of the acceleration, the tunneling rate from the lowest ban AOM (40 MHz +Av)
is negligible, while the tunneling rate from higher bands is Double Passed
large [9] due to the smaller band gaps. Therefore only th %
atoms in the lowest band are accelerated, while atoms in tf $\§

@

higher bands are left behind. By applying a weak phase moc

ulation and measuring the number of atoms that are acceler:

ed, the probability of excitation can be studied. A theoretica AOM (80 MHz fixed) ;)¢ ne
analysis of this problem shows that the transition probabil /
ity as a function of modulation frequency displays severa %

equally spaced resonances, which are identified as an aton AN /
Wannier—Stark ladder [9].

The experimental study of this system relies on cooling Cold Atomic
and trapping of sodium atoms to prepare the initial condi
tions. A magneto-optic trap (MOT) is used to trap and cool Tosope Sample
the sodium atoms [15]. A single-mode dye laser locked nedf: £, T7e SPeTTee, eun o i S g e T o
the SOdIL.ijZ transition a.t589 nmis u_SEd er the trapping pIlijgnczzd thrgugh ar80 MHz acousto-(g)ptical modurl)ator (AdM.).' The other
and cooling, and the details are described in [10]. A cloud Oﬁrm is aligned in a double pass configuration througlt Hz AOM. The
approximatelyl0° atoms forms a spatial Gaussian distribu-two beams are aligned on the atoms in a counterpropagating configuration.
tion with ox = 0.12 mm This sample is sufficiently dilute that When the frequency of the double-pass AOM is set@dVHz, the standing
atom—atom interactions are negligible over the time scale df2ve pattern is stationary in the laboratory frame. The acceleration is im-

. . P posed by ramping the drive frequency of that AOM linearly in time. For the
th_e experiment. The Gaussian momentum dlstrlb_utlon has Wannier—Stark experiments, the double-pass arm also had an electro-optical
width of Op = 5hk,, centered ap= 0. After the COOlIng and phase modulator (not shown in the figure)
trapping stage, the MOT beams and magnetic field gradient
are turned off.

The accelerating standing wave is provided by a seconghoton recoil window in momentum from the center of the
single-mode dye laser tuned far (up20 GH2 from atomic initial thermal distribution. Atoms with a momentum that is
resonance. The optical setup is shown in Fig. 4. The beanwutside this window will be projected into higher bands, but
are linearly polarized (so that atoms in different magnetiavill not track the accelerations imposed.
sublevels experience the same dipole potential), spatially fil- As described above, the standing wave is accelerated by
tered and aligned on the trapped atoms in a counterpropagatrying the frequency difference of its two beams linearly
ing configuration, with a beam waist 84 mmin the center in time. As an example, a linear ramp 4MHz in 800us
of the trap. The beams are turned on simultaneously (in legin one beam) creates an accelerating potentiaboD nys?.
than150 ng and a subset of atoms is trapped within the firstin the experiments described here, accelerations of up to
Brillouin zone and accelerated. This method selects a twak800 nys® were used, with interaction times of up foms
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 tolb2m/s (a
momentum of 4Bk, ), 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 foB 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

-0.5 . i
—471T 21 0 oM ATt characterized by two peaks: the larger one centered around
x = 0 corresponds to atoms that are not trapped by the stand-
(0) ing wave. The smaller peak is from the atoms that were

Fig. 3. Tilted bands and Wannier-Stark ladders fds/h =80 kHz and trapped_, af‘d I_S centered aro“?“dz 3‘5 mm Exa?mp.les.Of .
1500 nys?. Arrows indicate resonant excitations by an AC modulation of these distributions are shown in Fig. 5. The distribution in
the acceleration. The unit of energy280 kHzand¢ = 2k_x 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 locaton ® (.2
in the magneto-optic trap. The fluorescence is proportional to the number o
atoms at a given displacement. dra fraction of the atoms was trapped by

fluorescence (arb. units)

“relative fraction trapped
o
~

the standing wave and accelerated 660.s to a final velocity of1.2 m/s. 0 ! ! ! !

The atoms then drifted ballistically f&ms allowing them to separate spa-

tially from the main distribution. Her&y/h = 68 kHz In b the fraction of 40 60 80 100 120 140
trapped atoms was dramatically reduced by adding a modulatier®.13 Vp (kH Z)

to the standing wave at a frequency gf = 87 kHz At this frequency,

atoms are driven to the second band and lost by Landau—Zener tunnelingiy g \yannier-Stark ladder resonances. Each point represents an experi-

leading to a flat shoulder in the distribution 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 foll&dygh = 75+

. L . . 7kHz, a=1570+10 m/sz, A =0.096+0.002. The final velocity was
used to normalize the distributions with the phase modulas » m/s. The solid line is a quantum numerical simulation, which uses the

tion on. In Fig. 5b, the modulation frequency was set at axperimental parameters

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- The Wannier—Stark splitting as a function of acceleration

eration. Because the final velocity is fixed, we change thavas determined from a range of spectra, and the results are

linear ramp time of the frequency offset to obtain differ-shown in Fig. 7. These results are consistent with the pre-

ent accelerations. The ramp times were varied in the ranggicted linear scaling, within the experimental uncertainty. The

from 650us to 1000us, corresponding to accelerations that range of possible accelerations was limited in the experiment

range from1200 nys? to 1800 nys?. A spectrum is meas- to the range froml200 nys? to 1800 nys?: for smaller ac-

ured by scanningy in 1kHz steps over a range of (typ- celerations, the resonances are not cleanly resolved due to

ically) 100 kHz and each frequency step is repeated sevthe variation in well depth over the atomic sample, while for

eral times. The amplitude of phase modulation was adjustarger accelerations the splitting becomes comparable to the

ed to optimize the visibility of the resonances. We foundwidth of the second band.

that the optimum wag. = 0.096 where &0% increase in A simple physical picture of quantum interference from

the amplitude caused noticeable broadening. The laser imultiple temporal slits can be used to describe the Wannier—

tensity and detuning were adjusted to gMg/h =68kHz  Stark ladder. The probability of absorption of a weak AC

this value gave the desired band structure that is shown iprobe was derived for the case of a one-dimensional lattice

Fig. 1. in an external DC electric field [18]; however, the interpre-
An example of a measured spectrum is shown in Fig. 6tation of the results as a quantum interference effect was not

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 Schrodinger 50

equation that used the experimental conditions [9]. In our first

measurements of the spectra, the resonances were resoly,

but broader than predicted by the numerical simulations. W&z 30l

found that this was due to the small Gaussian variation of the— i

well depth for atoms that move transversely with respect to%D 20! 1

the standing wave. The absolute locations of the resonanc&g

are sensitive to the well depth, and as atoms move trans= 10} ]

versely across the spatial Gaussian profile of the standingn

wave their resonances shift. The resonant frequencies are in  Q ‘ ‘ L

the range ofL00 kHz while the splittings are three to four 0 500 1000 1500 2000

times smaller: therefore even5& variation of the resonant acceleration (m#s

frequency is significant. To verify this picture, we limited

the binning window on the 2.D images <o that in one transEe, . Spiung beeer e, S s esoname 202 ek

verse direction we restricted 0.ur measurement to a subset ?jshovgn in Fig. 6, for a raﬁge of diffrt)arentgaccelerations, and with thg other

colder atoms. We found that this procedure gave narrower regarameters kept the same. The theoretical predictioniof aM/2hk, is

onances, and it was used in all the data that are shown. given by the solid line
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discussed. To explain this effect, consider an atom in the lowmake Landau—Zener transitions to the next band. Once the
est energy band undergoing Bloch oscillations across the firstoms are in the second band, they rapidly undergo transitions
Brillouin zone. The resonance condition for a weak phasé¢o the higher bands and are effectively free particles [9].
modulation (frequencyp) occurs attko, as shown in Fig. 2. To observe tunneling in our experiment, we recognized
During one Bloch periodp, the atom experiences two res- that atoms initially trapped in the MOT can be (1) trapped and
onant drives separated in time. The probability for an atonaccelerated by the standing wave for the duration of the ex-
to make a transition to the second band after underghing periment, (2) trapped for some time before tunneling out of
Bloch oscillations was shown [18] to be proportional to 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
Sin?(BpoN/2) atoms in this group is proportional to the survival probabil-
SiN2(Bp/2) ©) ity for the duration of the acceleration. To distinguish these
surviving atoms from those that were lost from the wells,
wherepy is a function ofup. This is the result for multiple-slit we implemented a three-step acceleration sequence using an
interference and is most familiar in the context of optics [19].arbitrary wave form generator to drive an acousto-optic mod-
Temporal quantum interference provides physical insight foulator.
the appearance of the Wannier—Stark ladder, but it cannot pre- Figure 8 shows how the acceleration was varied to sep-
dict the details of the spectrum (Fig. 6), such as the peakrate each category of atoms in velocity. After the MOT
height, the width and the exact locations of the resonances. fields were turned off, the standing wave was turned on for
20ps with zero acceleration; a portion of the cold atoms
was trapped in the potential wells at this point. The poten-
2 Atomic tunneling tial was then accelerated at a (typical) ratgy = 1500 nys?
until the standing wave reached an intermediate velagity
Tunneling of atoms through a barrier should become an imitypically 1.05 i/s). This stage separated the trapped atoms
portant process at sufficiently low temperatures. A possiblrom the rest of the distribution. The loss from the wells
candidate for such an experiment would be an ultracold atomdue to tunneling is negligible duringsiow. The accelera-
incident on a sheet of blue-detuned light that forms a onetion was then switched to a higher valug,§) in the range
dimensional repulsive optical dipole potential [14]. The bar-4500-10000 nys?, which changed the tilt of the potential,
rier height could easily be controlled by adjusting the lasethus increasing the tunneling probability between the bound
intensity. The difficulty with this experiment is that the bar- state and the continuum. After a controlled period of time
rier width is very large, because focusing of a sheet of lighthe acceleration was switched backatq,y in order to iso-
is limited to several micrometers, making the tunneling probilate the surviving atoms from those that had tunneled. This
ability extremely small. The small focus also entails rapidacceleration was maintained until the standing wave reached
divergence of the beam, leading to a spread in barrier widthhe final velocityvs (typically 2.4 m/s), after which the beams
The parameters required for such an experiment appear to besre turned off. The acceleration sequence was measured
very difficult to attain. in optical heterodyne on a digital storage oscilloscope. The
The problem with the barrier width can be solved by usingime response of the standing wave to accelerations was de-
the accelerating standing wave. A simple picture of the atomtermined by imposing phase modulation and measuring the
ic tunneling process can be obtained by transforming thenodulation index as a function of the drive frequency. We
potential into the co-moving coordinates of the acceleratetbund that the total switching time was less tid0 ns
atoms, Vg cog 2k X') + 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” an§ 5

escape via tunneling. The barrier width in this case can b
much less than the wavelength of light, achieving the desire | a ]
goal. Another advantage of this approach is that the signaturg | Slow  _ -]
for tunneling is in momentum space rather than real space.@ -
is interesting to ask what is the largest acceleration that can
imposed on an atom for a given well depth?
There is clearly a classical limit to the tilt, when there +— I qosr
are no local minima in the potential. This occurs & = I
2k Vo/M, and for accelerations smaller than this value ag
particle can be stably trapped in one of the wells. Quantur‘rg

e Freq

mechanics, however, allows for tunneling from the wells toY 3 Slow 7
. . . . ()] | T |

the continuum, in striking contrast to the classical predlctlom_] -

and this effect can becomeimportantforaccelerationsthata& S T R S

much smaller than the classical limit.

A complimentary model of tunneling from the acceler-
ating periodic lattice can be developed using the reciprocal TIme (ps)
lattice. At_oms are ipitially prepared in the lowest band. WhenF-' .8. The three-stage acceleration process used to study tunneling. This
t_he Standmg wave is accelerated, the W_ave_ number Change_s‘fi re is a digitized heterodyne signal of the two counterpropagating beams,
time, and the atoms undergo Bloch oscillations across the firgdken as the frequency difference was varied. A slop bkHz/ps corres-

Brillouin zone. As the atoms approach the band-gap, they casonds to an acceleration @500 nys?

50 100 150 200
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The two-peaked distribution shown in Fig. 9a represent. 1
atoms trapped and acceleratedvip for agjow = 1500 m/s2
andT = 0. The large peak centered aroung 0 corresponds
to atoms that were not trapped by the standing wave. ThY
small peak ak = 7 mm corresponds to atoms that remained 9
trapped and were acceleratedug the area of this peak is =
proportional to the number of these atoms. The clean sepa;j
ration of the two peaks foagoy indicates that tunneling is
negligible, and this is .suppo.rted.by a theoretical analysis QG 0. 10 250 40 60 0 50 100 150
scribed below. The distribution in Fig. 9b is for the case in TIme( ps) Time(ps)

which agast= 10000m's?> and T = 47s. It shows a three- ) ] B
ig. 10. aAn example of an experimentally measured survival probability

peak distribution. The middle asymmetric peak represe_ntgr Do — 1200 M/S2. Bgaer = 4500 Y2 andVp/h — 50.8 kHz as a func-
atoms that tunneled out of the wells, and the peak onthe r'grﬂ%n of the duration of the fast acceleration. Note that the vertical axes are

represents the surviving atoms. The normalization is taken t@garithmic. The solid line is an exponential fit to the ddiaThe theoreti-
be the total area under these two peaks, which is proportioned! autocorrelation function (a projection of the time-evolved state on to the
to the number of atoms nialyprepared nthe lowest band {183 50 Prie cese - o002 s ool Teseioie,
T.O determm.e.a de.Cay rate, we varieand measqred the peak to Ffjlvoid short-time, ngn-exponential effects ’
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 probabilamplitude spikes were rejected. Fast switching between dif-
ty. The slope of this curve is a measurement of the tunnelinferent accelerations has high frequency components which
raterl’. could possibly drive atoms out of the wells. We checked this
In order to claim that the loss of atoms is due to tunnelingbpy varying the switching times, but did not observe any such
itis necessary to rule out other loss mechanisms which woullbss. Spontaneous scattering could induce loss from the ac-
also appear as an exponential decay. Several possibilities arelerating potential and must be minimized in order to study
amplitude and phase noise of the optical potential, switchingunneling. For the experiments described here, the probability
between different accelerations, beam pointing stability andf spontaneous scattering is estimated to be 10% for an in-
spontaneous scattering. As we show below, these effects amraction time ofl ms Since the period of large acceleration
negligible over the short (several hundreds of microsecondsyas at mos00us, the spontaneous scattering probability
duration of the experiment. These same effects, however, caturing that crucial interval is negligible. In general, we did
pose very serious limitations on longer time scales, such as imot observe any loss of atoms duriag,,, which would have
experiments to observe Bloch tunneling in an optical latticeappeared as a shoulder between the two peaks.
or in optical dipole force traps for Bose condensation. We now show that the observed decay rates are in
The amplitude and phase noise were studied using ph@ood agreement with the predictions of quantum mechan-
todiode signals and optical homodyne measurements respecs. Figure 11 displays our measurements(8§~! as a
tively. The signal levels of phase noise in these experimentinction of acceleration. The well depth in this case was
were far below those required to cause any observable 1084 /h = 72 kHz, with an uncertainty oft10%. The corre-
of atoms in our study of Wannier—Stark ladders [10]. Deplesponding band structure in the absence of acceleration has
tion of the trapped atoms could be induced by adding a mucbne band contained within the wells with a width®kHz.
larger level of phase noise. The amplitude of each run washe gap between the first and second band&ikHz and
monitored on a digital storage oscilloscope, and traces witthe second band has a width4® kHz The dashed curve is
a theoretical prediction of the tunneling rate from Landau—
Zener (L-Z) theory[1z = (a/2vr) exp(—ac/a). Hereas =
— ‘ 2n(Egap/2)?/2h%k, is a critical acceleration, wherBgap 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.

()
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Fluorescence (arb. units)

0 , . ’ .
e R ‘ The present atom optics system provides a unique opportuni-
-4-202 468 42024068 ty for absolute comparison with theory, and it is interesting to
Dlsplacement from MOT center (mm) see how the tunneling rate compares with the L—Z prediction.

Fig. 9a,b. The distribution of atoms after exposure to an accelerating stan We see that the experlmental points (SOIId dOtS) approximate-

ing wave. The displacement is the distance from the atoms' initial locatioly follow the L—Z prediction, but clearly display oscillations
in the magneto-optic trap. The fluorescence is proportional to the numbedS a function of the acceleration. At large values of the ac-
of atoms at a given displacement. dre fraction of the atoms was trapped celeration, the results approach the L—Z curve, while at the
gyz the S}";‘}”di?g weve agqﬁa‘écg'e”r.a:?d"m%’”s 02 f,i”a'th"e'o‘;ity of  smaller values the deviations become larger and sharper.

2 my/s. The atoms then drifted ballistica ms allowing them to sep- . . ; e
arate/spatially from the main distribution.yHeVg/h =92 kgz Inba fas[z What is the phySICS behmd these osc_|I!at|ons? The L-Z
acceleration 0f.0000 mys? was turned on for a duration @7 s, leading ~ Model assumes that the inter-band transitions occur only at

to substantial tunneling the band gaps (the points of closest approach between the
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1000 % ] tainty for this comparison with theory is in the well depth

- Vo (£10%), and the experimental data are bracketed between
\ two numerical simulations. Given the high sensitivity of tun-
o neling rate to the well depth, the agreement waih ideal
simulationover the range of accelerations is quite good, and
further confirms the observation of tunneling.

100 .
:‘\.‘\. <. 3 Summary

1/ (us)

In summary, our observations of Wannier-Stark ladder reso-
i 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

10
4000 6000 8000 10000

Acceleration (my/s)?

Fig.11. The tunneling lifetime as a function of acceleration. The experi-, ; [P :
mental data are marked by solid dots. The uncertainty in the exponential fit\élIII work to reduce the variation in well depth over the atomic

which determinel” is typically £2%, and the uncertainty in the acceleration Sample. This should enable the measurement of the spectrum
for the range shown i£50 nys2. The dashed line is the prediction of L-z for smaller values of the acceleration, and should allow a
theory. The experimental well depth wilg/h = 72 kHz, with an uncertain-  detailed study of the complex line shapes. Improved signal-
ty of £10%. The data are bracketed between quantum simulations for well§y_ngise should also enable a measurement of tunneling rates
depths ofVp/h = 60 kHz (solid triangles) andvp/h = 72 kHz (solid dia- t I | ti h the deviati £ L—7 th
monds), and the L-Z prediction is for an intermediate valggh = 66 kHz at smaller aC(_:e erations, where the deviations rom, " e-
ory are most important. The study of non-exponential decay
) will focus on the question of inhibition of tunneling by repeat-
bands), and that there are no correlations between successig measurement, and should address issues of irreversibility
periods of the Bloch oscillation. In the present system, theynd measurementin a simple and controlled quantum system.
band curvature is not large, and transitions are no longer lim-
ited to the_ gap but canoccur at different points alon_g the band\cknowledgememWe are grateful to C. Salomon and E. Mendez for stim-
A theoretical analysis of this problem shows that, in a singleulating discussions. The work of M.G. Raizen was supported by the US
Bloch period, there are contributions to the tunneling probaC_JffIC<|9 SOf' NavalFResgattch, tThr;e R-A-kWik:(g_ FOKPdatlon and thtedus ’:lr?
ili H nal Science rFoundation. e WOrk o lan Niu was supporte y the
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