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Observation of Rabi oscillations between Bloch bands in an optical potential

M. C. Fischer, K. W. Madison, Qian Niu, and M. G. Raizen
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~Received 8 June 1998!

We report an experimental study of atomic motion in the Bloch band of a periodic potential. Our system
consists of cold sodium atoms in a far detuned standing wave of near resonant light. We prepare the atoms in
the lowest motional band, and then impose phase modulation in order to drive interband transitions. We
observe Rabi oscillations between the first and second band as a function of modulation intensity and fre-
quency. We also observe damped oscillations of the population as a function of modulation frequency, which
are primarily due to a spread in Rabi frequencies over the Bloch band.@S1050-2947~98!50110-2#

PACS number~s!: 42.50.Vk, 32.80.Pj
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The quantum behavior of particles in a periodic poten
was analyzed by Bloch and Zener almost 70 years ag
order to understand electron conduction. They showed
stationary states of electrons in a lattice are plane wa
modulated by periodic functions of position@1#. A wave
packet that is initially localized in a potential well wi
spread via resonant ‘‘Bloch tunneling,’’ and will eventual
become delocalized. The quantized energy levels are br
ened into energy ‘‘bands’’ due to this tunneling process. T
picture becomes considerably more complex when exte
fields ~time varying or static! are imposed, and theoretica
studies of such problems are still ongoing.

Quantum transport of particles in lattices has grown i
an active area of research in recent years with the deve
ment of semiconductor superlattices. In a parallel devel
ment, the cooling of atoms to ultralow temperatures h
opened up another field of study in which their center-
mass motion exhibits manifestly quantum mechanical beh
ior, and experiments on quantum transport in optical latti
have probed a wide range of phenomena that are clo
related to the condensed matter counterparts@2#. In this
Rapid Communication, we report the observation of R
oscillations between Bloch bands of cold sodium atoms
the periodic potential of a standing wave of light@3#. This
work relies on the long coherence times possible in at
optics, and opens up possibilities for coherent control of m
tional states in Bloch bands.

To begin our discussion we consider the effect of a sta
ing wave of light on cold atoms. For sufficiently large detu
ing from resonance the effect of spontaneous emission
be neglected. Adiabatic elimination of the excited state le
to an effective one-dimensional potential of the formV(x)
5V0cos(2kLx), wherekL52p/lL is the light wave number
The amplitudeV0 of the optical dipole potential is propor
tional to the laser intensity and inversely proportional to
detuning from resonance@4#. We add a time-dependen
modulation of the standing wave position in the form

V~x,t !5V0cos@2kLx2d cos~2pnt !#, ~1!

wheren is the modulation frequency andd is the dimension-
less modulation amplitude. To elucidate the effect of t
modulation we can expand the potential for small modu
tion amplituded. To first order, one obtains
PRA 581050-2947/98/58~4!/2648~4!/$15.00
l
in
at
es

d-
e
al

o
p-
-
s
-
v-
s
ly

i
n

-

d-
-
an
s

e

s
-

V~x,t !5V0cos~2kLx!1V0d sin~2kLx!cos~2pnt !. ~2!

The first term in Eq.~2! is the stationary periodic potentia
that determines the eigenstates and eigenenergies of the
tem. The resulting set of quantized eigenenergies is perio
in momentum space and produces the well-known b
structure. Figure 1 shows the energy bands in the redu
zone scheme within the first Brillouin zone. The graph c
responds to a typical well depth ofV0 /h570 kHz, whereh
is Planck’s constant. When no perturbation of the potentia
present, the quasimomentumq and the band index are con
served. The time-dependent second term in Eq.~2! has a
small amplitude and can be treated perturbatively. It acts
harmonic driving term that can induce transitions betwe
the bands, leavingq unchanged. As indicated in Fig. 1 th
drive frequencyn can be chosen to be resonant with t
transition between the first two bands (1↔2), but far from
resonance for transitions between successive bands@arrows
~a! and ~b!#. In this case only two eigenstates of the atom
need to be considered@5#. The population evolution in such
two-level system exhibits Rabi oscillations. If the drive fr
quency is close to resonance for both 1↔2 and 2↔3 @arrow

FIG. 1. Band structure for an atom in a far-detuned stand
wave. The energies are calculated relative to the bottom of
potential for a well depth ofV0 /h570 kHz. In the reduced zone
scheme the quasimomentumq is limited to the first Brillouin zone
@2kL ,1kL#. The arrows correspond to a modulation frequency
~a! 70 kHz, ~b! 75 kHz, and~c! 85 kHz. The dashed line indicate
the top edge of the potential (2V0).
R2648 © 1998 The American Physical Society
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~c! in Fig. 1# more than two levels participate in the intera
tion and more complicated dynamics are to be expected

The experimental setup for measuring the transition
tween Bloch bands is based on the system previously use
study Wannier-Stark ladders and tunneling in optical latti
@6,7#. Several steps were necessary to prepare the atom
the lowest Bloch band. We began by cooling and trappin
cloud of approximately 105 sodium atoms in a magneto
optical trap~MOT! in a s12s2 configuration@8#. The atom
distribution in the MOT had a typical Gaussian width
sx5(0.2060.06) mm in position andsp5(4.560.5)\kL in
momentum. After the cooling and trapping sequence
magnetic field coils and the MOT beams were switched
and the interaction beam was turned on.

The interaction potential was a standing wave created
two linearly polarized counterpropagating laser beams w
parallel polarization vectors. The light was far detuned fro
the (3S1/2,F52)↔(3P3/2,F53) transition, and detuning
typically ranged from 30 to 40 GHz. The power in each
the beams was adjusted up to 100 mW and was monito
with photodiodes during the interaction. The beams w
spatially filtered to form a beam waist of 2.1 mm at t
position of the atomic cloud. Due to the large momentu
spread in the MOT, switching on the interaction potent
initially populated several of the lower energy bands.
indicated in Fig. 1, the atoms projected into the lowest ba
are trapped within the potential wells, whereas atoms in
second band are only partially trapped. Atoms in even hig
bands have energies well above the potential and, hence
effectively free. To empty all but the lowest band, the sta
ing wave was then accelerated to a velocity ofv0540 v rec,
wherev rec53 cm/s is the single-photon recoil velocity. Lin
early chirping the frequency of one of the counterpropag
ing beams, while keeping the frequency of the other be
fixed, resulted in a constant acceleration. As discussed in
previous work, accelerating the potential leads to a loss
population in the lower bands due to the tunneling of ato
into higher untrapped bands@7#. The transport acceleratio
atr was chosen to maximize tunneling out of the second b
while minimizing losses from the first trapped band. F
typical experimental parameters ofV0 /h570 kHz andatr
52000 m/s2, the Landau-Zener expression for the lifetim
of the first and second bands yields 24 ms and 40ms, respec-
tively @9#. This ensured that, after 600ms of acceleration,
only the first band still contained a significant number
atoms. After reaching the velocityv0 the chirp was stopped
and the frequency difference was held constant. At t
point, phase modulation was added to one of the two co
terpropagating beams forming the standing wave. The mo
lation was switched on and off smoothly over 16ms to avoid
any discontinuous phase changes in the potential that c
induce transition to higher bands. After a fixed time interv
of zero acceleration the frequency chirping resumed at a
corresponding toatr . This separated the remaining trapp
atoms in the lowest band from those in higher bands in m
mentum space. After reaching a final velocity of 80v rec the
interaction beams were switched off suddenly.

In the detection phase we needed to distinguish th
classes of atoms:~1! atoms that were not initially trapped i
the lowest band and immediately tunneled out of the w
during the initial acceleration,~2! atoms that were trapped i
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the first band at the beginning of the interaction, but we
driven out by the modulation, and~3! atoms that remained in
the first band during the entire sequence. Since the atom
different classes had left the trapping potential at a differ
stage of the experimental sequence, they were accelerat
different velocities. Therefore, after drifting in the dark fo
2.5 ms, these classes separated in space and could be d
guished by recording their position. For this purpose
MOT beams were turned back on with no magnetic-fie
gradient present. This temporarily restricted movement
the atoms in a ‘‘freezing molasses’’ stage, while the fluor
cence was imaged onto a charged coupled device cam
The two-dimensional image was then integrated in the dir
tion that was perpendicular to the axis of the interact
beams to obtain a one-dimensional distribution along
beam direction, which contained all three classes of ato
In order to reduce the sensitivity to fluctuations in the nu
ber of atoms in the MOT, the number of survivors@atoms in
class~3!# was normalized by the total number of atoms in
tially trapped in the first band, which was obtained by su
ming up the contributions of classes~2! and~3!. To observe
the temporal evolution of the fundamental band populat
we repeated the experiment for various modulation du
tions, holding the modulation frequencyn and amplituded
fixed.

FIG. 2. Measured survival probability in the lowest band as
function of modulation duration. The modulation amplitude was
to be~a! d50.1, ~b! d50.2, and~c! d50.3. The data were taken a
a well depth ofV0 /h571 kHz and a modulation frequency ofn
570 kHz, corresponding to a drive near the band edge@as indicated
in Fig. 1, arrow~a!#. Each run was repeated several times and
error bar denotes the one-sigma error of the mean. The solid
displays the fit of an exponentially damped cos function to the d
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Figure 2 compares the evolution of the first band survi
probability for increasing modulation amplitude. The da
were recorded forV0 /h571 kHz andn570 kHz, which
corresponds to a drive resonant with states near the b
edge as indicated by arrow~a! in Fig. 1. All graphs clearly
show damped Rabi oscillations of the population in the fi
band. The damping can be explained by taking off-reson
transitions into account. Atoms with a quasimomentum cl
to the value for which the resonance occurs can unde
Rabi oscillations with different frequencies and different a
plitudes @10#. Summing over the distribution of quasimo
menta leads to a dephasing of the oscillations and, there
to a decrease in the average oscillation. It is importan
note that this damping effect is not caused by level dec
since the Bloch states involved are stable. The plots of
survival probability in the first band in Fig. 2 show an over
offset from unity at zero modulation duration. We attribu
this to the residual phase modulation of our standing wa
caused by incomplete extinction of the modulation sign
which drives transitions to higher bands. This introduce
constant loss independent of the chosen modulation dura
and does not affect the curve shape. Because the streng
the residual modulation depends on the set modulation
plitude d, the curve offset changes with increasingd.

As is evident from Fig. 2, the frequency of the Rabi o
cillation increases with the modulation amplitude. By fittin
an exponentially damped cosine function to the experime
data, the value for the oscillation frequency can be extrac
The solid squares in Fig. 3 show the result of the lea
squares fits. The error bars denote the uncertainty in the
quency fitting parameter. The plot in Fig. 3 shows a R
frequency that varies linearly with modulation amplituded.
From the analytic solution of a driven two-level system o
expects this linear relationship for the case of exact re
nance. To compare this solution to the experimental data
calculated the Rabi oscillation frequency for a modulat
driving transition only at the band edge. According to fir
order perturbation theory, the expression for the reson
Rabi frequency isV51/hu^C1uV0d sin(2kLx)uC2&u, where
uC1&,uC2& are the unperturbed Bloch states in the first a

FIG. 3. The solid squares show the measured Rabi freque
versus the modulation amplitude for a well depth ofV0 /h
571 kHz and a drive frequency ofn570 kHz. Uncertainties in the
least-squares fit of the frequency are indicated as error bars.
line depicts the result of a linear least-squares fit through the
perimental data. The hollow dots are the calculated Rabi frequ
cies for a drive at the band edge, corresponding to the experim
parameters.
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second bands respectively. The resulting frequencies are
played as hollow dots in Fig. 3, in which a slight detuning
the drive from the transition 1↔2 has been taken into ac
count. The calculation results are in good overall agreem
with the experimental data. The slight deviation in frequen
of the measured versus the calculated data can be attrib
to the experimental uncertainty in the determination of
well depthV0 . We can measure the intensity of the intera
tion beams to within610%, which leads to the same rela
tive error in the value for the well depth. To check the v
lidity of restricting the range of quasimomenta to the ba
edge, we performed a numerical integration of Schro¨dinger’s
equation, including the full potential in Eq.~1!, with an ini-
tial condition that was taken to be a uniform distribution
atoms in the first band. The frequencies of the result
population oscillations are not plotted in Fig. 3 because,
the scale used, they are indistinguishable from the calcula
values. The calculation and the numerical integrations w
performed using experimental values, for the well depth a
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FIG. 4. Measured survival probability in the lowest band as
function of the modulation duration for three different frequenci
All of the data were recorded at a well depth ofV0 /h571 kHz and
a modulation amplitude ofd50.3. The points are connected b
solid lines for clarity. The insets show the results of numeri
simulations atV0 /h572 kHz andd50.3. Note that the modulation
duration does not include the 16-ms turn-on and turn-off times. The
modulation frequency was set to be~a! n570 kHz, ~b! n
575 kHz, and~c! n585 kHz, corresponding to drives that are in
dicated by the arrows in Fig. 1.
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drive frequency, with no adjustable parameters.
Driving transitions at the band edge has several adv

tages, one of which is the high density of states in that
gion. This results in a large number of atoms that can p
ticipate in the population transfer, therefore yielding a lar
detection signal. Another advantage is the slow damping
of the Rabi oscillations. Since there is a large fraction
atoms contributing to the oscillation with the same fr
quency, the small number of off-resonantly driven atoms w
not significantly decrease the amplitude of the averaged
cillation. Away from the band edge, however, the relati
weight of the resonant oscillation frequency becomes
dominant and the off-resonant drives lead to an increa
damping rate. The evolution of the first band population
three different drive frequencies is depicted in Fig. 4. T
data were recorded at a well depth ofV0 /h571 kHz and a
modulation amplitude ofd50.3. The insets show the resu
of the numerical integrations, for which the well depth w
adjusted toV0 /h572 kHz in order to produce matchin
damping rates. The modulation frequencies in Figs. 4~a!
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through 4~c! match the corresponding arrows in Fig. 1@~a!
70 kHz, ~b! 75 kHz, and~c! 85 kHz#. Larger damping rates
for increasing modulation frequencies are clearly visible.
addition, we observed a decrease in oscillation amplitu
due to a smaller density of states at the center of the band
the opposite side of the energy band lower damping rates
recovered. Modulating the potential with frequencies beyo
the band edges leads to Rabi oscillations with a higher
quency and a lower amplitude, as expected for off-resona
driven systems~not shown!.

In summary, we have observed Rabi oscillations
atomic population between Bloch bands in an optical pot
tial. Future directions include spectroscopic studies of
band structure modified by external fields, and the prepa
tion of novel motional states in Bloch bands.

We thank Roberto Diener for help with the calculatio
and numerical simulations. This work was supported by
Robert A. Welch Foundation and the National Science Fo
dation.
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