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We study the effects of dispersion, tunneling, and dissipation on wave-packet oscillations resem
coherent states of atoms in optical lattices. The wave packets are prepared by suddenly shiftin
lattice after equilibration of the atoms at the lattice sites. The atoms oscillate in the light-shift pote
wells, which exert a force arising from photon redistribution between lattice beams. We measur
resultant periodic intensity exchange between the beams, obtaining information on the wave-p
evolution. We observe a strong impact of dissipation on the overall shape and the time of reviva
well as a suppression of tunneling by weak magnetic fields. [S0031-9007(98)07414-6]

PACS numbers: 32.80.Lg, 32.80.Pj, 42.50.Vk
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Wave-packet motion in a quantum system deca
because of dissipation and dispersion. The irreversib
loss of quantum coherence due to dissipation usua
leads to decay of the wave packet, while dispersio
in a discretely quantized system can lead to collap
followed by revival of the wave packet. Revivals ar
mostly familiar from wave packets of almost dissipation
free quantized systems, such as electrons in Rydb
atoms [1]. In the present paper we study center-of-ma
(c.m.) wave packets of atoms in optical lattices, a period
quantum system in which we encounter the intriguin
situation of intertwined dispersive and dissipative wave
packet decay, allowing us to investigate the mutu
interplay of these phenomena.

Optical lattices are periodic light-shift potentials fo
atoms, created by the interference of multiple laser beam
which cool and localize atoms at the lattice sites [2
The anharmonicity of the potential wells in the lattice
is a source of dispersion or spreading of wave pac
ets. Dissipation arises from spontaneous emission, wh
introduces irreversible coherence loss. Recently, wav
packet motion of atoms in optical lattices has been o
served using Bragg scattering [3–6] and recoil-induce
resonance [7]. Complementary steady-state frequen
domain spectra exhibiting vibrational sidebands have al
been obtained [8]. In these investigations, the decay
the wave packets and the width of the vibrational sid
bands have been dominated by the anharmonicity-induc
dispersion, so that only an upper limit on the rate o
dissipative coherence decay could be obtained. The
herence decay rate is smaller than the photon scatter
rate, because of: (1) the Lamb-Dicke effect [9], wher
localization of the atoms to much less than the opt
cal wavelength reduces the fraction of photon scatte
ing events that are inelastic and destroy the coheren
(2) the transfer of coherence, even upon inelastic phot
scattering [10–12], a process whose efficiency depen
on the harmonicity of the potential. In this paper w
study wave packets in optical lattices at times long aft
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their excitation, in regimes where dissipative coheren
loss and the tunneling-induced curvature of bands are
equal or greater importance than anharmonicity-induc
dispersion.

In the experiment, we employ a 1D lin'lin optical lat-
tice [2], whose quantization directionz is parallel to the
lattice beams. The light-shift potential wells are spac
by ly4 and correspond to alternatings1 and s2 polar-
izations. Cesium atoms are collected, cooled, and trap
in the lattice using the6S1y2, F  4 ! 6P3y2, F0 
5 transition (l  2pyk  852 nm, Gy2p  5.2 MHz).
Prior to the wave-packet excitation the atoms rea
steady-state, i.e., they mostly occupy the internal sta
jmF  64l that correspond to the lowest adiabatic p
tential Uszd of the lattice [2], and their rms position
spread around the minima ofUszd reachesø0.05l [8].
Coherent-state-like c.m. wave packets are then gene
ted by suddenly shifting the lattice by0 , dz , 0.25l

using a phase modulator in one lattice beam. Semicl
sically, all atoms then oscillate back and forth in the p
tential wells with the same phase, as they are acted
by the dipole forceFszd  2=Uszd. The force results
from photon transfer between the lattice beams via a
sorptions and stimulated emissions. The redistributio
induced power differenceDPstd between the two lattice
beams depends on the dipole force and the number
atomsN as

DPstd  2Nck=Usxdl  Nck Ùpl , (1)

k l denoting the ensemble average. Thus, we det
mine the momentum derivativek Ùpl std by measuring
DPstd. Similar techniques have already been employ
in Refs. [7,13,14].

We quantitatively model the experiment usin
Monte-Carlo wave-function simulations (QMCWF)
which include all magnetic sublevels of6S1y2, F  4,
the hyperfine levels of the excited state6P3y2, and
c.m. quantization. The simulated wave functions allo
us to calculate the differenceDGstd between the gains of
© 1998 The American Physical Society 3615
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the two lattice beams induced by their interaction with
single atom:

DGstd , ImkcgjVxeikz 2 Vye2ikzjcel , (2)

jcel sjcgld denoting the excited- (ground-) state part o
the full atomic wave functionVx andVy are the atom-field
coupling operators for the corresponding polarizations
the lattice beams propagating in the6z directions. In the
limit of small relative power transferDPstdyP, P denot-
ing the power of each lattice beam, the experimenta
observed power transferDPstd is proportional toDGstd.

Three typical experimental results are shown in Fig.
Using Eq. (1) and assuming a cloud ofN Cs atoms genera-
ting a signal on a detector cross section of1 mm2 we find
a maximum of the transfer ratiojDPyPj of ø1025 dz

l

G

d N ,
valid for small dz and large detuningd. With a typical
MOT (N , 107) and close to resonance (d . 25G) one
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FIG. 1. Experimental (solid) and theoretical (dotted) powe
transfer ratiosDPyPd std induced by coherent-state-like wave
packet oscillations initiated by a sudden shift of the lattic
at t  0 by the indicated values ofdz. For clarity, dotted
and magnified lines are displaced. The theoretical results
obtained from QMCWF and are scaled to match the seco
extremum, because the first is strongly affected by the tim
constant of the shift. Panel (c) has an additional magnetic fie
in the z direction. The panels indicate the potential depthU0
in units of the recoil energyER  h̄2k2y2m.
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could obtainjDPyPj , 50%. In such cases the atomic
oscillations would not only depend on the laser paramete
and dz, but also on the redistribution-induced oscillation
of the light intensity inside the cloud of atoms. To avoid
such higher-order effects, we used only about105 atoms,
as estimated from the size of the signal. The experimen
and theoretical curves in Fig. 1 are in excellent agreeme
except for a faster decay of the experimental data in th
second half of the displayed time intervals. We attribut
the faster experimental decay to laser intensity inhom
geneity. The initial collapse of the oscillations is due to
anharmonicity-induced dephasing [3,8]. The revivals ev
dent in Fig. 1 confirm recent suggestive observations [3,6
Figure 1c demonstrates that magnetic fields can enhan
the revival structures, as frequently observed in our expe
ments and verified by QMCWF (see below, discussion o
Figs. 4 and 5).

We observe the expected dependence of the oscillati
frequency~

p
U0 (see Fig. 2) when we vary the magnitude

U0 of the potential depth. For constant lattice shif
dz the number of oscillation periods during the initial
collapse is approximately constant, consistent with th
anharmonicity of the self-similar potential being the main
reason for the initial signal collapse [3]. For constan
d and atomic wave packets [15], it is concluded from
Eq. (1) and confirmed by our quantum model that th
maximum transfer ratiojsDPyPd stdj does not depend on
U0. This behavior is seen in Fig. 2 forU0 $ 120ER .
A moderate decrease, observed forU0  1250ER and
greater, is due to adiabatic effects caused by the nonze
time constant of the lattice shift. AtU0  60ER the
signal is smaller because shallow potentials are le
effective at trapping atoms, implying a lower degree o
localization of the atomic distribution prior to the sudden
lattice displacement.

In the remainder of the paper we analyze the re
vivals we observe past the time scale imposed by th
anharmonicity-induced dephasing. Although the dynam
ics of atoms in optical lattices can be reasonably we
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FIG. 2. Power transfer ratioDPyP induced by coherent-state-
like wave-packet oscillations ford  210G and the indicated
values ofU0. At t  0 the lattice is shifted bydz  0.14l.
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FIG. 3. Wave-packet signals obtained from QMCWF wi
I  18 mWycm2 and d  252 MHz. The lattice is shifted
by dz  0.14l with a 1ye time constant oft  3 ms. The
excited-state decay rates are as indicated. For clarity, s
curves are offset from zero.

described by motion of a localized atom in a sing
potential well, the proper description of our periodic qua
tum system uses the basis of Bloch states, whose e
gies are bandsEysqd, where q is the quasimomentum
2k , q , k, andy the band index. Evaluating Eq. (2
in that basis, we find that the wave-packet signal mos
arises from coherences between states with band ind
differing by one, which is the type of coherence found
coherent-state-like wave packets. The wave-packet
nal solely arises from coherences between states ha
the sameq; these are the only coherences in the syste
The bands which can be identified with well-defined v
brational states in the lattice potential wells (tightly bou
bands) are sufficient to understand most of the wa
packet dynamics, since most atoms reside in these ba
[2]. Because of anharmonicity, the average energy diff
ence between neighboring bands decreases withy, caus-
ing vibrational dispersion, i.e., interband dispersionof
wave packets. We observe in our QMCWF that in o
lattice type the atoms occupy all quasimomentaq with
the same probability. Therefore, the tunneling-induc
widths of the bands manifest themselves as continu
spreads of the coherence oscillation frequencies. Th
tunneling causesintraband dispersion.

The simplest revival structure occurs if dissipative c
herence loss can be neglected, and the revivals are
affected by the tunneling-induced bandwidths. Then
bands become fixed vibrational energy levelsEy . Con-
sidering the lowest-order anharmonic correction asso
ated with our sinusoidal potential~2 sin2s2kzd, we find
Ey ø h̄vsy 1 1y2d 1 ER y2y2, ER denoting the recoil
energy. This series of energy levels produces vibratio
(interband) dispersion and causes a revival of cohere
state-like wave packets atTR  hyER  500 ms. A
simulated approximation to that simple case is sho
in the lower curves of Fig. 3, where parameters a
as in Fig. 1a, except that an excited-state decay
G0  0.05G  260 kHz 3 2p is assumed. The dissipa
th
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tion only weakly affects the initial, anharmonicity-induce
dephasing process (Fig. 3b), but it completely destroys
full revival that is observed at,400 ms in the weakly
damped case. We attribute the fact that the revival o
curs at,400 ms and not at500 ms to higher-order anhar-
monicity. SinceG is so high, we never measured wav
packets similar to the weakly damped case of Fig. 3, n
even at larger detunings, but quite frequently we meas
revivals at early times, e.g., at,100 ms in Fig. 1a. In the
vicinity of that time, the weakly damped case of Fig.
displays intermediate structures that are totally chang
by dissipation, as shown in Fig. 3c. The slight ampl
tude maximum at about110 ms, observed in the strongly
damped case of Fig. 3, is the only leftover that is remini
cent of the revival seen in Fig. 1a. Differences betwe
theory and experiment are presumably caused by the ti
dependence of the lattice shift and imperfections of t
optical alignment.

In Figs. 1b and 1c the potentials are only70ER deep,
and under absence of magnetic fields the tunneling wid
of they  3 bands [16], which is the highest one carryin
significant population, is4.7 kHz (see Figs. 4 and 5, left).
Thus, tunneling-induced (intraband) dispersion becom
important after roughly200 ms. To see the significance
of tunneling in our model, we can artificially eliminate
tunneling by replacing the energies of the predominan
populated bands by the respective average band energ
In a further step, we can also eliminate the anharmonic
by replacing the average band energies by a harmonic
quence. Figure 5 shows the results of these manipulati
for lattice parameters such as in Fig. 1b. The left panel
Fig. 5, which shows the band populations vs time, prov
that the manipulations do not affect the steady-sta
populations and the population redistribution after the la
tice shift. Thus, the modifications of the wave-pack
signals, shown in the right panel of Fig. 5, are no
due to changes in the performance of laser cooling, b
solely due to modified evolution of the coherences.
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FIG. 5. Populations of the indicated bandsn (left) and
signals of coherent-state-like wave packets (right) obtain
from QMCWF with the lattice parameters as in Fig. 1b and (a)
no manipulations, (b) no tunneling and (c) no tunneling and no
anharmonicity; the manipulations in (b) and (c) are explained
in the text. In the left panel, the three curves shown for ea
band are almost indistinguishable.

comparison of curves (b) and (c) in Fig. 5 demon-
strates that anharmonicity-induced dispersion (i.e., int
band dispersion) leads to dephasing within about fi
cycles, and introduces a revival atø300 ms, which is
the beat time between the two lowest vibrational c
herences. Tunneling-induced intraband dispersion larg
washes out that revival [compare curves (a) and (b) in
Fig. 5]. To our satisfaction, the curve corresponding
the full model reproduces the experimental result best.

As shown in Fig. 1c, a weak magnetic field inz direc-
tion can be used to “re-establish” this revival. Thoug
having no influence on the average oscillation frequenc
of the coherences, the weak magnetic field removes
quasidegeneracy between the bandpairs found forB  0
[16]. As a result, the tunneling turns from resonant in
nonresonant, causing a strong reduction of tunneling ra
and bandwidths, as seen in Fig. 4. A similar effect
double-well potentials has been studied in Ref. [17]. Th
bandwidth reduction makes the system almost equal to
artificial situation labeled (b) in Fig. 5, which displays
revival similar to the one in Fig. 1c.

In summary, we have studied wave-packet motion in
system exhibiting comparable dispersion and dissipati
effects. We observed unexpectedly early revivals an
with the aid of QMCWF simulations, find that dissipa
tion strongly influences the nature of the revivals. Su
anomalous revivals could be a general feature of disp
sive quantum systems with state-dependent coherence
3618
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cay rates. Tunneling is found to have a clear impact o
wave-packet motion in shallow optical lattices. The im
pact is reduced by weak magnetic fields in thez direction,
which remove tunneling resonances.
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