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The macroscopic coherent tunneling through the barriers of a periodic potential is used as an atom-optical
filter to separate the center of mass of the condensate and the thermal componéefiofraxed cloud. We
condense in the combined potential of a laser standing wave superimposed on the axis of a cigar-shaped
magnetic trap and induce condensate dipole oscillation in the presence of a static thermal component. The
oscillation is damped due to the interaction with the thermal fraction and we investigate the role played by the
periodic potential in the damping process.
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The combination of Bose-Einstein condensatBECY  energy remain confined in the potential wells. While the con-
with periodic optical potentials provides a versatile tool for densate coherently flows through the optical barriers, thus
getting a deeper understanding of macroscopic quantum phgerforming a dipole oscillation, the thermal component is
nomena, directly addressing the issue of phase coherendéocked in the presence of the periodic potential and pro-
between degenerate coupled Bose gddes], which re- Vides a damping mechanism. In particular, we observe a
cently culminated in the observation of the Mott insulatorsharp change of the damping rate in the BEC dipole oscilla-
phase transitiofi5]. Properties of condensates confined in antions by increasing the optical potential depth.
optical lattice have opened new perspectives in the investi- Our procedure for creating Bose condensates in an optical
gation of different dynamical phenomena such as superfluitttice, already described in detail elsewhfggg can be sum-
flow [6], atomic Bloch oscillationg7], and the Josephson marized as follows. Starting with a sample of ultracold atoms
effect[8] and have stimulated speculations on a wide rang®f ®'Rb confined in an loffe-type magnetic trap in the (
of phenomena including solitor[®], dynamical instability —=21,mg=—1) state, we perform rf-evaporative cooling until
[10], and transport behavigf1]. we reach a temperature slightly above the condensation

The dynamics of BECs at finite temperatures is a chalthreshold. Next, we superimpose a one-dimensional optical
lenging question even in the pure harmonic case. Many eflattice onto the longitudinak axis of the magnetic trap by
forts have been devoted to the extension of theoretical modheans of a far detuned, retroreflected laser beam. We then
els at nonzero temperature and to the study of the low-energgontinue the evaporation process through the phase-
collective excitations in the presence of a significant thermalransition temperaturg21]. In this way, the atomic cloud is
componenf12-17. prepared in an equilibrium state of the combined magnetic

From the experimental point of view the effects of the and optical dipole potentials. In this experiment we typically
interactions between the condensate and the thermal fractigtop the evaporation when the fraction of condensed atoms is
on the modes of excitation have been investigated only ir=16% corresponding to a temperatufe=120 nK. In the
harmonic potentials. Temperature dependence of dampingtomic cloud region the resulting potential has the form
and frequency shifts in quadrupole and scissors modes have
been investigated in a time-averaged orbiting potential trap V=Vmnagt Vopt
[18,19. Damped out-of-phase dipolar oscillations of the
thermal cloud and the condensate have been observed in a =Em[w§X2+wf(y2+22)]+sER co2
cloverleaf trap[20]. 2

In this paper we address the problem of the dynamics of a
condensate in a periodic potential at finite temperature. Thigsherem is the atomic mass, and,=27xX9 Hz andw,
is done by using an optical lattice as an atom-optical filter to=27x92 Hz are the axial and radial frequencies of the
induce, through a selective manipulation, a relative motiormagnetic potential, respectively. In E@) the optical poten-
between the condensate and thermal components of a maiigl depth is expressed, via the dimensionless fastain
netically trapped mixed cloud of rubidium atoms. In the units of the recoil energy of an atom absorbing one laser
presence of the periodic potential, these two components rgghoton, Eg=h?/2m\2, where \ is the wavelength of the
spond differently to a sudden displacement of the magnetitaser creating the standing wave.
trap. Atoms with sufficiently long coherence lengths are al- By varying the intensity of the laser beaetuned typi-
lowed to tunnel through the potential barriers of a one-cally AN=3 nm to the blue of th®, line atA=795 nm),
dimensional optical lattice, while atoms with a higher kineticwe change the value af up to 2.5. The optical potential is

then calibrated by measuring the Rabi frequency of the
Bragg transition between the momentum states

* Also at Dipartimento di Fisica, Universiti Padova, via F. Mar- —h/\ and+h/\ induced by the standing way22]. Due to
zolo 8, 1-35131 Padova, Italy. the large detuning of the optical lattice, the maximum spon-
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FIG. 1. Absorption images after different evolution times in the
combined trap showing the dipole oscillations of the condensate
inside the thermal cloud.
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scattering can be neglected on the time scale of our experi- Evolution time (ms)
ment.
In order to induce the relative center of mass motion of or
the condensate and the thermal fractions in the combined 40 e
trap, we first displace instantaneouslyy{<2m7/w,) the
magnetic trapping potential in thedirection by a distance =27
Ax=20 pum sufficiently small to remain in the superfluid E of
regime [6]. After the displacement, the atomic cloud finds <
. - 204+
itself out of equilibrium, nevertheless due to the presence of
the optical lattice, only the condensate is forced into motion 40}
by the magnetic potential gradient. Indeed, when the poten- ol (b)
tial energy given by the displacement is smaller than the e
optical potential depth, as in our experiment, a motion along 0 100 200 300 400 500 600 700 800 00
thex direction can be established only by means of tunneling Evolution time (ms)

through the barriers of the standing wave. We have previ- .
ously shown[8] that a pure condensate and a thermal cloud_. FIG. 2. (@ Center of mass position of the condensémpe_n
aboveT, behave in a dramatically different way. The coher- circles and the thermal cloudfilled triangles after the expansion
ence pr%)perties of the condensate imply a ma(.:roscopic tu as a function of the time spent in trap when the optical potential is

'Ywitched off after the initial displacemefihe line is a guide to the
neling and a collective dipole motion can occur. On the con,, P (th 9

. ) eyd. (b) DifferenceA between the two components center of mass
trary, the incoherent nature of the thermal cloud drastically,ogition piotted together with a fit to the dezontinuous ling
reduces the collective tunneling probability, thus preventing
the establishing of a collective oscillation. In the present
work we produce mixed clouds and the optical lattice acts ascribed above, while in the othécombined casewe leave
a filter to separate the center of mass of the coherent anghe lattice potential on also during the subsequent evolution.
incoherent components. After the displacement, we wait for Harmonic caseln absence of the lattice both the conden-
half a period of the BEC oscillation in the harmonic trag/( sate and the thermal cloud are free to oscillate. Starting from
w,) and then move back the magnetic potential by the disan off-equilibrium configuration in which the thermal cloud
tance— Ax. At the end of this procedure, the thermal cloudis at the center of the trap, the condensate mean field pushes
finds itself at rest in the center of the trap, while the condenthe thermal fraction out of the potential minimum. During
sate oscillates inside the thermal cloud with an initial ampli-the time evolution the oscillation amplitude of the thermal
tude 2Ax. After a variable evolution time, the trapping po- cloud rises until an equilibrium is reachféig. 2(a)]. Notice
tential is switched off and the cloud is imaged subsequentlyhat in a pure harmonic trap, when no relative motion is
to an additional ballistic expansion of 28 ms. From the ob-induced, the BEC dipolar mode cannot be affected by the
served column density we deduce the condensate fractiopresence of the thermal componé28]. We expect that the
the size, and the center of mass position of both the conderkinetic energy lost by the condensate is essentially converted
sate and the thermal components in the trap. In Fig. 1 wénto kinetic energy of the thermal cloud. From the fit of the
report three absorption images corresponding to successivelative center of mass positidfrig. 2(b)] with a damped
times of evolution in the combined trap. For a typical con-oscillation, we obtain a frequency by 848.04 Hz which
densed fraction 16%, the Gaussian width of the thermais smaller of roughly 6% than the measured trapping fre-
component and the Thomas-Fermi radius of the condensatgiency. This is a consequence of the interaction between the
along thex direction in the trap are, respectively, §om and  oscillating condensate and the initially stationary thermal
51 um. cloud and is similar to the observation reported2f] for an

In order to show the effects of the optical lattice on theoscillating thermal cloud in the presence of an initially sta-
dynamics of a mixed cloud, we study the center of massionary condensate.
motion of the condensate and the thermal components in two Combined casdn presence of the optical lattice the ther-
different configurations. In onéharmonic casewe switch  mal cloud stays locked at the center of the trap due to its
off the periodic potential after the preparatory procedure deincoherent nature, while the condensate oscillates as shown
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FIG. 3. Center of mass positidium) of the condensatéopen
circles and the thermal cloudfilled triangles after the expansion
as a function of the time spent in the combined trap-1.8) to-
gether with a fit to the condensate center-of-mass posdjtiontinu-
ous line.

FIG. 4. Damping ratd” as a function of the optical potential
depth in units of the recoil energy. The occurrence of the first bound
state 6=1) is reflected in a sudden increase of the damping rate.

In Fig. 4 we show the damping rate measured as a func-
in Fig. 3. Again the coupling between the condensate and théon of the optical potential depthEg for a fixed trap dis-
thermal cloud causes damping in the center of mass oscillgslacement (Ax=40 um). Close tos=1 we observe a sud-
tions of the condensate. Note that in the superfluid regimeden increase of the damping rate. This occurs in coincidence
the pure condensate in an optical lattice performs undampeglith the formation of the first bound state of the condensate
dipole oscillationd6]. Here, during the damped motion, the in the lattice[25]. Actually the occurrence of a band structure
kinetic energy lost by the BEC cannot be converted into thestrongly modifies the energy spectrum. In particular, the Lan-
kinetic energy of the thermal CIOUd, which is kept fixed by dau damping, being a resonant energy transfer, Strong|y de-
the peri_odic_potential and should be, therefore, bas_ically COMpends on the form of the energy spectr{ibs], and an ad-
verted into internal energy of the cloud. The heating of theggyate treatment would be needed. In addition, a theoretical
cloud corresponding to the kinetic-energy variation amounts,,ysis of finite temperature damping of excitations in the
to 20 nK which cannot be resolved within our experlmentalpresence of a periodic potential should also include other

i = 0, . . . .
un(_:rehrtamty @.T/T i .ZOA’)‘f din th llision! . damping mechanisms such as intercomponent damping
€ expenment IS periormed In the collisioniess r.eg'me’originating from the collisions between the condensate and
where collisions between thermal atoms are negligible. Ir{Fe thermal atoms as recently suggestefL#f. However, at
terluesrr:Z?\Itr;rf/, é‘f Cr:;j aatlilérc]isar;\g ;r;?bsrc?jg:tt awctﬁ?l : ég%n;ilsl;?éhco resent, a comprehensive theoretical analysis which accounts
lective excitations, represents an important mechanism to e% ézg the effects introduced by the presence of the lattice is
plain the dynamical behavior of trapped Bose g484$ For 9-

temperatures larger than the chemical potential, the '—a”dagu;;_%o?g;ﬂﬁtg}vgz g?)\ll:c()jfesn;o:\f;ﬁe?htg?:eonagf:‘orza?saoi}
damping rate of low-energy excitations for a partly con- P P P 9

: : o the condensate and the thermal fraction in a mixed atomic

densed cloud in a pure harmonic trap is given(Bg] cloud. This filtering technique could, e.g., be applied to spa-

37 kgTaw tially separate the ground state of a finitv_a temperature BEC
L=8 e (2 fully from the thermal component. In this work, we have

been able to control the relative motion between the centers

of mass of the condensate and of the thermal fraction in a

mixed cloud, this enable us to investigate quantitative effects
both in the amplitude and in the frequency of the dipole

oscillations. Damping is caused by interactions between the

coIIectlye e.xcnatlon. .In Otgr case, dEgZ) hconitltutes a lg((j)od condensate and the thermal fractions. Novel features are ex-
approximation to estimate, provided that the central den- ,octeq in the presence of the periodic lattice potential which

sity of the condensate and the energy spectrum are not si jodifies the energy spectrum of the system. Indeed by
nificantly affected by the presence of the optical lattice. Thischanging the optical lattice parameters, a sharp rise in the
condition is satisfied only fos<<1 [6]. For low lattice inten- damping rate has been observed when é bound state is likely
sities, the central density of the condensate can be calculated pa formed. Further investigations on the temperature de-

by solving th_e Gross-Pitagvskii equation within a variational j ., qence of the damping rate would be an interesting exten-
approach using a Gaussian ansatz for the condensate wa¥@, of the present work

function. For s=0.7, a dipole mode frequencyw=2mw
X8.9 Hz, and a temperaturd=120nK, we find I'| We are indebted to Francesco Minardi for many useful
=1.6 Hz, in fair agreement with the experimental results. discussions and for his help in the initial stage of the experi-
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wherec=7#4many/m is the velocity of sound in the center
of the trap,ny being the central density of the condensate,
the swave scattering length, and the frequency of the
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