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Observation of atomic tunneling from an accelerating optical potential
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We observe quantum tunneling of cold sodium atoms from an accelerating one-dimensional standing wave
of light. Atoms are trapped in a far-detuned standing wave that is accelerated for a controlled duration. For
sufficiently large values of the acceleration, we observe an exponential decay in the number of atoms that
remain trapped as a function of the interaction time. We show that this loss is due to quantum tunneling, and
compare the decay rates with Landau-Zener theory. We also observe oscillations in the tunneling rate as a
function of the acceleration which are due to quantum interference eff&dt850-2947®7)50702-3

PACS numbsgs): 03.75.Be, 32.80.Pj, 42.50.Vk

Tunneling in the center-of mass motion of atoms shouldeads to a loss rate for much smaller values of the accelera-
become an important process at the low temperatures that atien, and is the ultimate limiting factor for this atom accel-
now achieved with laser cooling. This can appear, for ex-erator.
ample, as a loss mechanism for atoms confined in an optical A complementary model of tunneling from the accelerat-
lattice constructed from interfering beams of light. While ing periodic lattice can be developed using the concept of
atomic motion in these structures has become an active ar@anergy band§7,8]. To briefly describe this picture, consider
of researci1,2], tunneling has been obscured by spontanethe band structure of the reciprocal lattice. Atoms are ini-
ous scattering3]. tially prepared in the lowest band. When the standing wave

An alternative atom optics system where tunneling can bdS accelerated, the wave number changes in time and the
significant has appeared in our efforts to develop a cold@toms undergo Bloch oscillations across the first Brillouin

atomic beam for interferometry. Our approach has been tg0ne. As the atoms approach the band gap, they can make

launch laser-cooled atoms in the potential created by an adandau-Zener transitions to the next band. Once the atoms

celerating, far-detuned, standing wave of light. This systen‘irjlre in the second band, they rapidly undergo transitions to

was previously used to study Wannier-Stark laddéfsand the_l_uigheer Z?r;?jn?;d ?rz ef;fetigyely frtiemp?erlt'ig&]son coolin
Bloch oscillations[5]. The results reported in this Rapid Xper siudy IS Sys 1es N9

Communications provide an observation of tunnelin inand trapping of atoms to prepare the initial conditions. A
. provi . g magneto-optic tragMOT) [9] was used to trap and cool
atom optics, and the high degree of experimental control h

bled - . - th 4odium atoms as described previoushp]. The resulting
enabled a quantitative comparison with theory. cloud of approximately 10atoms was a spatial Gaussian

We cops,lder atomlq motlon In-an accgleratlng Stand,'n%istribution witho,=0.15 mm. The momentum distribution
wave of light. For sufﬂmently Igrge o'let'unlng from atomic was also Gaussian with a width ef,=67k_ centered at
resonance, the atoms remain in t_helr |r_1ternal grou_nd s_tatﬁzo (in the laboratory frame After the cooling and trap-
and experience an effective one-dimensional potential 9ivVeRing stage, the MOT laser beams and magnetic field gradient
by Vocog2k (x—at¥/2)], where k,=27z/\_ is the wave \ere turned off.
number, and is the acceleration of the standing we. A counterpropagating pair of linearly polarized laser
The well depthV, is the amplitude of the optical dipole beams from a second single-mode stabilized dye laser was
potential. It is proportional to the laser intensity and in-then turned on to form the optical standing wave. Both
versely proportional to detuning from atomic resonance. Wéeams were spatially filtered and the beam waists were mea-
neglect variations of the potential in the two transverse disured to be 1.9 mm at the center of the trap. The power in
rections, which is justified for beams that are sufficientlyeach beam was adjusted for different runs in the range of
large compared to the size of the atomic cloud. 30-45 mW, and digitized on separate calibrated photo di-

To obtain a simple physical picture of the atomic tunnel-odes. The frequency of the beams was tuned in the range
ing process, it is instructive to transform the potential into18—24 GHz from the (8;,,F=2)—(3P3,,F=3) transi-
the comoving coordinates of the accelerated atomsion at 589 nm.(Both red and blue detunings were used in
Vocos( x')+Max’, whereM is the mass of the atom and the experiments and the results are independent of the direc-
x" is the coordinate in the accelerated frame. This is a perition.) The detuning was monitored on a NIST Lambda Meter
odic series of wells that is tilted. What is the largest accelwith an accuracy of 100 MHz. These parameters yielded a
eration that can be imposed on an atom for a given weltange of well depth&//h=55—-110 kHz(2.2—4.4 in units
depth? The classical answer to this question is given bwf the single-photon recoil energyUnder these conditions
aq =2k, Vy/M, and for accelerations smaller than this valuethere was only a single quantized energy state in each well
a particle can be trapped in one of the wells. Once trapped, leading to only one relevant tunneling rate.
cannot escape from the potential. Quantum mechanics, how- With the two beams at the same frequency, the resulting
ever, allows for tunneling from the wells to the continuum, standing wave is stationary in the laboratory frame. The fre-
in striking contrast to the classical prediction. Tunnelingquency stability between the two beams of the standing wave
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FIG. 2. Distribution of atoms after exposure to an accelerating

FIG. 1. Three-stage acceleration process used to study tunneff-tand'ng wave. The displacement is the distance from the atoms

ing. This figure is a digitized heterodyne signal of the two counter-miti"’_1I location in the magneto-optic trap_. The _fluorescence Is pro-
propagating beams, taken as the frequency difference was varie?‘?m_Onal to the number of atoms at a given d|§placemen(a)lm
The vertical axis is in units of MHz, and the horizontal axis is in raction of the atoms was trapped by the standing wave and accel-

units of u s. A slope of 5.1 kHzts corresponds to an acceleration ergted for ,15_00“5 o a final velocit.y of 2.2 m/s. The atoms then
of 1500 m/<. drifted ballistically for 3 ms, allowing them to separate spatially

from the main distribution. Her®;/h=92 kHz. In(b) a fast ac-

] celeration of 10000 m/%.swas turned on for a duration of 47s
was measured by optical heterodyne to be better than 5-18ading to substantial tunneling.

kHz over several minutes. An acousto-optic modulator was
used to introduce a frequency shift between the countereamerd 10]. Intensity fluctuations in the trapping laser were
propagating beams; a frequency shift of 100 kHz gives astabilized to approximately 1% to enable good background
drift velocity of one photon recoily,=3 cm/s). The stand- subtraction of scattered light. The resulting two-dimensional
ing wave was accelerated by linearly ramping this dhift (2D) images were integrated to give the 1D distribution
Atoms initially trapped in the MOT can bél) trapped along the standing-wave axis. A binning window on the 2D
and accelerated by the standing wave for the duration of thenages limited the measurement to a set of atoms that were
experiment,(2) trapped for some time before tunneling out colder than the initial conditions in one of the transverse
of the wells, or(3) not trapped at all by the standing wave. directions[4].
The first category of atoms is the one of interest: the number The two-peaked distribution shown in FigaRrepresents
of atoms in this group is proportional to the survival prob-atoms trapped and acceleratedvtg for ag,,=1500 m/$
ability for the duration of the acceleration. To distinguishandT=0. The large peak centered aroutrd 0 corresponds
these surviving atoms from those that were lost from theo atoms that were not trapped by the standing wave. The
wells, we implemented a three-step acceleration sequencgnall peak ak=7 mm corresponds to atoms that remained
using an arbitrary waveform generator to drive the acoustotrapped and were acceleratedutp, the area of this peak is
optic modulator. proportional to the number of these atoms. The clean sepa-
Figure 1 shows how the acceleration was varied to sepaation of the two peaks foag,,,, indicates that tunneling is
rate each category of atoms in velocity. After the MOT fieldsnegligible, and this is supported by a theoretical analysis
were turned off, the standing wave was turned on for80 described below. The distribution in Fig(d is for the case
with zero acceleration; a portion of the cold atoms waswhen a;,;=10000 m/ $ and T=47 us. It shows a three-
trapped in the potential wells at that point. The potential wasgeak distribution. The middle asymmetric peak represents
then accelerated at @pical) rate agjo,=1500 m/ $ until  atoms that tunneled out of the wells, and the peak on the
the standing wave reached an intermediate veloeity  right represents the surviving atoms. The normalization is
(typically 1.05 m/$. This stage separated the trapped atomsaken to be the total area under these two peaks, which is
from the rest of the distribution. The loss from the wells dueproportional to the number of atoms initially prepared in the
to tunneling is negligible during.,,. The acceleration was lowest band.
then switched to a higher valueaif) in the range To determine a decay rate, we variecind measured the
4500-10000 m/% which changed the tilt of the potential, survival probability with all the other parameters fixed. The
thus increasing the tunneling probability between the boundesult of a typical run is displayed in Fig(a8, and clearly
state and the continuum. After a controlled period of timedemonstrates an exponential decay in the survival probabil-
T, the acceleration was switched backag,,, in order to ity. The slope of this curve is a measurement of the tunneling
isolate the surviving atoms from those that had tunneledrateI .
This acceleration was maintained until the standing wave In order to claim that the loss of atoms is due to tunneling,
reached the final velocity; (typically 2.4 m/g, after which it is necessary to rule out other loss mechanisms that would
the beams were turned off. also appear as an exponential decay. Several possibilities are
In the detection stage, the atoms drifted in the dark for 3amplitude and phase noise of the optical potential, switching
ms, leading to a spatial separation of the velocity classedetween different accelerations, and spontaneous scattering.
The atoms were then exposed to an optical molal&ekat  The amplitude and phase noise were studied using photodi-
effectively froze their motion for short times during which ode signals and optical homodyne measurements, respec-
the fluorescence was recorded on a charge-coupled-devitigely. The signal levels of phase noise in these experiments
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FIG. 3. (a) Example of experimentally measured survival prob-
ability for agq,=1200 M/, a;,s=4500 m/ ¢, andV,/h=50.8 » 10 ' :
kHz as a function of the duration of the fast acceleration. Note that 4000 6000 8000 10000

the vertical axes are logarithmic. The solid line is an exponential fit
to the data(b) Theoretical autocorrelation functigequared modu-
lus of the projection of the time-evolved state onto the _init_ial §tate FIG. 4. Tunneling rate as a function of acceleration. The experi-
for the casea_=4§00 m/$, andVO/h=55_kH_z. The SOl!d line is mental data are ma?ked by solid dots. The uncertainty in the epxpo-
an exponential f't. o the EJ.eaks of the OSCIllat['onS’ starting from thenential fits that determinE are typically*=2%, and the uncertainty
third peak to avoid short-time, nonexponential effects. in the acceleration for the range shown-i$0 m/s. The dashed
line is the prediction of LZ theory. The experimental well depth was

were far below those required to cause any observable loss &% /h=72 kHz with an uncertainty of- 10%. The data are brack-
atoms in our previous study of Wannier-Stark laddgtg  eted between quantum simulations for wells depth®/gfh=60
Depletion of the trapped atoms could be induced by adding &Hz (empty triangles and Vo /h=72 kHz (empty diamonds and
much larger level of phase noise. The amplitude of each ruthe LZ prediction is for an intermediate val¥/h=66 kHz.
was monitored on a digital storage oscilloscope, and traces
with amplitude spikes were rejected. Fast switching betweefow the LZ prediction, but clearly display oscillations as a
different accelerations has high-frequency components thdtinction of the acceleration. At large values of the accelera-
could possibly drive atoms out of the wells. We checked thigion, the results approach the LZ curve, while at the smaller
by varying the switching times but did not observe any suchvalues the deviations become larger and sharper.
loss. Spontaneous scattering could induce loss from the ac- What is the physics behind these oscillations? The LZ
celerating potential and must be minimized in order to studymodel assumes that the inter-band transitions occur only at
tunneling. For the experiments described here, the probabithe band gapsthe points of closest approach between the
ity of spontaneous scattering is estimated to be 10% for abands, and that there are no correlations between successive
interaction time of 1 ms. Since the period of large acceleraperiods of the Bloch oscillation. In the present system, the
tion was at most 20@.s, the spontaneous scattering probabil-band curvature is not large, and transitions are no longer
ity during that crucial interval is negligible. In general, we limited to the gap but can occur at different points along the
did not observe any loss of atoms duriag,,,, which would  band. A theoretical analysis of this problem shows that, in a
have appeared as a shoulder between the two peaks. single Bloch period, there are contributions to the tunneling

We now show that the observed decay rates are in googrobability at points of both nearest and farthest approach
agreement with the predictions of guantum mechanics. Figbetween the bands, where their curvature is &8). Con-
ure 4 displays our measurements &%) (! as a function of tributions from other points along the band cancel out. This
acceleration. The well depth in this caseMg/h=72 kHz leads to interference effects in the tunneling probability that
with an uncertainty of=10%. The corresponding band struc- depend on the Bloch period. The period of oscillation is pro-
ture in the absence of acceleration has one band containgartional toa, while the amplitude of the oscillation is in-
within the wells with a width of 5 kHz. The gap between the versely proportional t@. At smaller values of the accelera-
first and second bands is 70 kHz, and the second band hadian, deviations about the LZ prediction are considerably
width of 40 kHz. The dashed curve is a theoretical predictiorlarger. This is physically reasonable because coherent effects
of the tunneling rate from Landau-ZendiZ) theory become dominant when tunneling is suppressed. The ex-
I' z=(al2v,)exp(—a./a). Here ac=277(Egap/2)2/2h2k,_ is  treme case is the coherent regime of Bloch oscillations and
a critical acceleration, wheiggy,, is the energy gap between Wannier-Stark ladders where tunneling from the trapped
the first and second band8,11]. This formula is derived state plays no role. The interplay between coherent and irre-
from a simple two-level model with an avoided crossing be-versible effects has been studied theoretically and observed,
tween the levels, assuming that the transition only occurs dor example, in atomic physics experimerjts3,14. The
the avoided crossing. It is frequently used in atomic andpresent experiments, however, enable a detailed study of
molecular physics to describe collisions; however, it is diffi- these effects in a much simpler setting, and with no adjust-
cult in those cases to obtain the LZ rates from first principlesable parameters.
due to the complexity of the potential curves. The present These oscillations are also seen in the quantum simula-
atom optics system provides a unique opportunity for absotions shown in Fig. 4 where the time-dependent Sdimger
lute comparison with theory, and it is interesting to see howequation is solved foa=a;,s;. The initial condition is sim-
the tunneling rates compare with the LZ prediction. We seely taken to be the lowest state of the potential wathk O
that the experimental poin{solid dot3 approximately fol- and its survival probability is calculated from the projection

Acceleration (m/s2)
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of the time-dependent solution onto the initial state. As seean ideal simulationover the range of accelerations is quite
from Fig. 3b), this autocorrelation function exhibits Bloch good, and further confirms the observation of tunneling.
oscillations with decaying amplitude. The decay of the peaks In summary, we have observed tunneling of cold atoms
is clearly exponential and the computed time constant fofrom an accelerating optical potential. Future directions in-

this ideal calculation provides the tunneling rate used in th&'Ude the study of the effects of noise on quantum tunneling,

comparison with experiment. The largest experimental unf’md the study of the tunneling probability for short times

certainty for this comparison with theory is in the well depth where deviations from exponential decay should o¢e&j.

Vo (10%), and the experimental data are bracketed be- The work of M. G. Raizen was supported by ONR, the R.
tween two numerical simulations. Given the high sensitivityA. Welch Foundation, and NSF. Bala Sundaram is grateful
of tunneling rate to the well depth, the agreement withfor the support of NSF.
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