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We study the effects of dispersion, tunneling, and dissipation on wave-packet oscillations resembling
coherent states of atoms in optical lattices. The wave packets are prepared by suddenly shifting the
lattice after equilibration of the atoms at the lattice sites. The atoms oscillate in the light-shift potential
wells, which exert a force arising from photon redistribution between lattice beams. We measure the
resultant periodic intensity exchange between the beams, obtaining information on the wave-packet
evolution. We observe a strong impact of dissipation on the overall shape and the time of revivals, as
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

Wave-packet motion in a quantum system decaysheir excitation, in regimes where dissipative coherence
because of dissipation and dispersion. The irreversibléoss and the tunneling-induced curvature of bands are of
loss of quantum coherence due to dissipation usuallgqual or greater importance than anharmonicity-induced
leads to decay of the wave packet, while dispersiordispersion.
in a discretely quantized system can lead to collapse In the experiment, we employ a 1D lirdin optical lat-
followed by revival of the wave packet. Revivals aretice [2], whose quantization directianis parallel to the
mostly familiar from wave packets of almost dissipation-lattice beams. The light-shift potential wells are spaced
free quantized systems, such as electrons in Rydbetgy A/4 and correspond to alternating” and o~ polar-
atoms [1]. In the present paper we study center-of-masigations. Cesium atoms are collected, cooled, and trapped
(c.m.) wave packets of atoms in optical lattices, a periodién the lattice using the6S,,, F =4 — 6P3p, F' =
guantum system in which we encounter the intriguing5 transition @ = 27/k = 852 nm, I'/27 = 5.2 MHz).
situation of intertwined dispersive and dissipative wave-Prior to the wave-packet excitation the atoms reach
packet decay, allowing us to investigate the mutuakteady-state, i.e., they mostly occupy the internal states
interplay of these phenomena. lmr = *4) that correspond to the lowest adiabatic po-

Optical lattices are periodic light-shift potentials for tential U(z) of the lattice [2], and their rms position
atoms, created by the interference of multiple laser beamspread around the minima @f(z) reaches=0.05\ [8].
which cool and localize atoms at the lattice sites [2].Coherent-state-like c.m. wave packets are then genera-
The anharmonicity of the potential wells in the latticested by suddenly shifting the lattice by < dz < 0.25A
is a source of dispersion or spreading of wave packusing a phase modulator in one lattice beam. Semiclas-
ets. Dissipation arises from spontaneous emission, whickically, all atoms then oscillate back and forth in the po-
introduces irreversible coherence loss. Recently, waveential wells with the same phase, as they are acted on
packet motion of atoms in optical lattices has been obby the dipole forceF(z) = —VU(z). The force results
served using Bragg scattering [3—6] and recoil-inducedrom photon transfer between the lattice beams via ab-
resonance [7]. Complementary steady-state frequencyorptions and stimulated emissions. The redistribution-
domain spectra exhibiting vibrational sidebands have alssmduced power differencé P(r) between the two lattice
been obtained [8]. In these investigations, the decay dbeams depends on the dipole force and the number of
the wave packets and the width of the vibrational side-atomsN as
bands have been dominated by the anharmonicity-induced o . .
dispersion, so that only an upper limit on the rate of AP(t) = =Ne(VUx)) = Ne(p), (1)
dissipative coherence decay could be obtained. The cd-) denoting the ensemble average. Thus, we deter-
herence decay rate is smaller than the photon scatteringine the momentum derivativép)(r) by measuring
rate, because of: (1) the Lamb-Dicke effect [9], whereAP(r). Similar techniques have already been employed
localization of the atoms to much less than the opti-in Refs. [7,13,14].
cal wavelength reduces the fraction of photon scatter- We quantitatively model the experiment using
ing events that are inelastic and destroy the coherencé#jonte-Carlo wave-function simulations (QMCWF),
(2) the transfer of coherence, even upon inelastic photowhich include all magnetic sublevels 6f;,,, F = 4,
scattering [10—-12], a process whose efficiency depend$ie hyperfine levels of the excited states;,,, and
on the harmonicity of the potential. In this paper wec.m. quantization. The simulated wave functions allow
study wave packets in optical lattices at times long afteus to calculate the differenc®G(¢) between the gains of
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the two lattice beams induced by their interaction with acould obtain|AP/P| ~ 50%. In such cases the atomic
single atom: oscillations would not only depend on the laser parameters
ikz —ikz anddz, but also on the redistribution-induced oscillation
AG(r) ~ Im{ypg[Vie™ — Vye Iy, (2) of the light intensity inside the cloud of atoms. To avoid
li.) (Igp)) denoting the excited- (ground-) state part ofsuch higher-order effects, we used only abbit atoms,
the full atomic wave functiorV, andV, are the atom-field as estimated from the size of the signal. The experimental
coupling operators for the corresponding polarizations ofind theoretical curves in Fig. 1 are in excellent agreement,
the lattice beams propagating in the directions. Inthe except for a faster decay of the experimental data in the
limit of small relative power transfeA P(¢)/P, P denot-  second half of the displayed time intervals. We attribute
ing the power of each lattice beam, the experimentallfthe faster experimental decay to laser intensity inhomo-
observed power transféyP(r) is proportional toAG(r). geneity. The initial collapse of the oscillations is due to

Three typical experimental results are shown in Fig. 1anharmonicity-induced dephasing [3,8]. The revivals evi-
Using Eqg. (1) and assuming a cloudfCs atoms genera- dentin Fig. 1 confirm recent suggestive observations [3,6].
ting a signal on a detector cross section ahn? we find  Figure 1c demonstrates that magnetic fields can enhance
a maximum of the transfer raticdA P/ P| of z10*5d—f%N, the revival structures, as frequently observed in our experi-
valid for smalldz and large detuning. With a typical ments and verified by QMCWF (see below, discussion of
MOT (N ~ 107) and close to resonancé & —5I') one  Figs. 4 and 5).

We observe the expected dependence of the oscillation
frequencyx/U, (see Fig. 2) when we vary the magnitude
Uy of the potential depth. For constant lattice shift
dz the number of oscillation periods during the initial
collapse is approximately constant, consistent with the
anharmonicity of the self-similar potential being the main
reason for the initial signal collapse [3]. For constant
o and atomic wave packets [15], it is concluded from
Eqg. (1) and confirmed by our quantum model that the
1 I=18mW/em? &=-10F  dz=0.14) maximum transfer ratig(AP/P) (t)| does not depend on
e e A A Uy. This behavior is seen in Fig. 2 favy = 120Eg.

A moderate decrease, observed fd§ = 1250E; and
greater, is due to adiabatic effects caused by the nonzero
time constant of the lattice shift. AU, = 60Er the
signal is smaller because shallow potentials are less
effective at trapping atoms, implying a lower degree of
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 the
anharmonicity-induced dephasing. Although the dynam-
ics of atoms in optical lattices can be reasonably well
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FIG. 1. Experimental (solid) and theoretical (dotted) power
transfer ratio(AP/P) (t) induced by coherent-state-like wave-
packet oscillations initiated by a sudden shift of the lattice
at + = 0 by the indicated values oflz. For clarity, dotted
and magnified lines are displaced. The theoretical results are 15 ; ; ] ; ; ;
obtained from QMCWF and are scaled to match the second O Feid 0 Fmeid 0 Fmeiy ™°
extremum, because the first is strongly affected by the time

constant of the shift. Panel (c) has an additional magnetic fieldFIG. 2. Power transfer ratid P/P induced by coherent-state-
in the z direction. The panels indicate the potential depth  like wave-packet oscillations fo8 = —10I" and the indicated
in units of the recoil energ¥xr = 7%k?/2m. values ofU,. At ¢ = 0 the lattice is shifted bylz = 0.14A.
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1 2 tion only weakly affects the initial, anharmonicity-induced
EE o dephasing process (Fig. 3b), but it completely destroys the
1 = 0. Z X 2T ol r I I . . .
0 MWWMﬁMVMA,\fWMm N\J\H‘ﬂm \“HHHH“MM‘MW‘”f/mwww full revival that is observed at-400 us in the weakly
" JU‘M v damped case. We attribute the fact that the revival oc-
‘ . ‘ . curs at~400 us and not ab00 us to higher-order anhar-
0 100 200 300 400 500 600 monicity. Sincel” is so high, we never measured wave
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2 f b) 02] “n N packets similar to the weakly damped case of Fig. 3, not

i, 013“‘“ H\/\/vam even at larger detunings, but quite frequently we measure

°'f‘1 N RGN | (|1 YT revivals at early times, e.g., 100 us in Fig. 1a. Inthe
RIRY |11 LA e . 9 K g .

UE I 7r s20MHzx2n | -0.2d H IR i vicinity of that time, the weakly damped case of Fig. 3

I = 0,26 MHz x 210 \JU’ r= 026MHZ><2T[ . . .

B e '°‘"50 AP Ao dlsplgys m'germedlate structures that are tota_llly chang_ed

Time (us) by dissipation, as shown in Fig. 3c. The slight ampli-

. _ . tude maximum at aboutl0 us, observed in the strongly
IFE'I‘% mW%ren'ng%eg i'gf"g.lzs N?gtza_“n?%efr%qgicgh{'scg]ﬁteﬁ'th damped case of Fig. 3, is the only leftover that is reminis-
by dz = 0.14A with a 1/e time constant ofr = 3 us. The cent of the revival seen in Fig. 1a. Differences between
excited-state decay rates are as indicated. For clarity, sori@eory and experiment are presumably caused by the time
curves are offset from zero. dependence of the lattice shift and imperfections of the
optical alignment.

described by motion of a localized atom in a single In Figs. 1b and 1c the potentials are offQE; deep,
potential well, the proper description of our periodic quan-and under absence of magnetic fields the tunneling width
tum system uses the basis of Bloch states, whose enesfthev = 3 bands [16], which is the highest one carrying
gies are band<#,(g), where ¢ is the quasimomentum, significant population, ig.7 kHz (see Figs. 4 and 5, left).
—k < g < k, andv the band index. Evaluating Eq. (2) Thus, tunneling-induced (intraband) dispersion becomes
in that basis, we find that the wave-packet signal mostlymportant after roughly200 us. To see the significance
arises from coherences between states with band indiced tunneling in our model, we can artificially eliminate
differing by one, which is the type of coherence found intunneling by replacing the energies of the predominantly
coherent-state-like wave packets. The wave-packet siggopulated bands by the respective average band energies.
nal solely arises from coherences between states havirg a further step, we can also eliminate the anharmonicity
the samey; these are the only coherences in the systemby replacing the average band energies by a harmonic se-
The bands which can be identified with well-defined vi-quence. Figure 5 shows the results of these manipulations
brational states in the lattice potential wells (tightly boundfor lattice parameters such as in Fig. 1b. The left panel of
bands) are sufficient to understand most of the waveFig. 5, which shows the band populations vs time, proves
packet dynamics, since most atoms reside in these bantizat the manipulations do not affect the steady-state
[2]. Because of anharmonicity, the average energy differpopulations and the population redistribution after the lat-
ence between neighboring bands decreases wjittaus- tice shift. Thus, the modifications of the wave-packet
ing vibrational dispersion, i.e., interband dispersi@f  signals, shown in the right panel of Fig. 5, are not
wave packets. We observe in our QMCWF that in ourdue to changes in the performance of laser cooling, but
lattice type the atoms occupy all quasimomentavith  solely due to modified evolution of the coherences. A
the same probability. Therefore, the tunneling-induced
widths of the bands manifest themselves as continuous B=0 B=5x107 T
spreads of the coherence oscillation frequencies. Thus,
tunneling causemtraband dispersion

The simplest revival structure occurs if dissipative co-
herence loss can be neglected, and the revivals are not
affected by the tunneling-induced bandwidths. Then the —~ "] A7kHz v=3
bands become fixed vibrational energy leveéls Con-
sidering the lowest-order anharmonic correction associ- 501 v=2
ated with our sinusoidal potentiad— sir?(2kz), we find ]
E, =~ ho(v + 1/2) + Egv?/2, Eg denoting the recoil ) =1
energy. This series of energy levels produces vibrational -70;
(interband) dispersion and causes a revival of coherent- -1 05 0 05 -1 05 0 05 1
state-like wave packets dfr = h/Er = 500 us. A q (k) a (k)
simulated approximation to that simple case is show IG. 4. Band structure for lattice parameters such as in

in the lower curves of Fig. 3, where parameters arq: 1b and the indicated magnetic fieldszirdirection. Solid

as in Fig. 1a, except that an excited-state decay I’at(%iotted) lines correspond to internal states with even (odd)
I'" = 0.05T" = 260 kHz X 27 is assumed. The dissipa- magnetic quantum numbers.
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08 ) Complete Model | ~ a) and c) offset from zero cay rates. Tunneling is found to have a clear impact on
< 0.7{-----b) No Tunneling §100 a) wave-packet motion in shallow optical lattices. The im-
Boe{ O No Tumeling and | pact is reduced by weak magnetic fields in thdirection,
S o5 — f which remove tunneling resonances.
2 e This work was partially supported by the U.S. Office
504 g of Naval Research and by NSF Grant No. PHY-9312572.
503 V=2 g ) G. Raithel acknowledges support by the Alexander-von-
& 0.2 u Humboldt Foundation.
ot V=Y §
1 V=4 _EE
Ot
0 200 .400 600 800 0 200 .400 600 800
Time (1) Time (hs) [1] J. Yeazell, M. Mallalieu, and C. R. Stroud, Phys. Rev. Lett.
FIG. 5. Populations of the indicated bands (left) and 64, 2007 (1990).
signals of coherent-state-like wave packets (right) obtained[2] P.S. Jessen and I. H. Deutsch, Adv. At. Mol. Phg&. 95
from QMCWF with the lattice parameters as in Fig. 1b aad ( (1996), and references therein.

no manipulations,k) no tunneling andd) no tunneling and no [3] G. Raithel, G. Birkl, A. Kastberg, W.D. Phillips, and S. L.
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In summary, we have studied wave-packet motion in vibrational occcupation numbén) ~ v/To.
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effects. We observed unexpectedly early revivals and,
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