
r

RAPID COMMUNICATIONS

PHYSICAL REVIEW A 66, 011604~R! ~2002!
Dynamics of a Bose-Einstein condensate at finite temperature in an atom-optical coherence filte
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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 components of a87Rb mixed 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 condensates~BECs!
with periodic optical potentials provides a versatile tool f
getting a deeper understanding of macroscopic quantum
nomena, directly addressing the issue of phase coher
between degenerate coupled Bose gases@1–4#, which re-
cently culminated in the observation of the Mott insula
phase transition@5#. Properties of condensates confined in
optical lattice have opened new perspectives in the inve
gation of different dynamical phenomena such as superfl
flow @6#, atomic Bloch oscillations@7#, and the Josephso
effect @8# and have stimulated speculations on a wide ra
of phenomena including solitons@9#, dynamical instability
@10#, and transport behavior@11#.

The dynamics of BECs at finite temperatures is a ch
lenging question even in the pure harmonic case. Many
forts have been devoted to the extension of theoretical m
els at nonzero temperature and to the study of the low-en
collective excitations in the presence of a significant therm
component@12–17#.

From the experimental point of view the effects of t
interactions between the condensate and the thermal fra
on the modes of excitation have been investigated only
harmonic potentials. Temperature dependence of dam
and frequency shifts in quadrupole and scissors modes
been investigated in a time-averaged orbiting potential t
@18,19#. Damped out-of-phase dipolar oscillations of t
thermal cloud and the condensate have been observed
cloverleaf trap@20#.

In this paper we address the problem of the dynamics
condensate in a periodic potential at finite temperature. T
is done by using an optical lattice as an atom-optical filte
induce, through a selective manipulation, a relative mot
between the condensate and thermal components of a
netically trapped mixed cloud of rubidium atoms. In th
presence of the periodic potential, these two components
spond differently to a sudden displacement of the magn
trap. Atoms with sufficiently long coherence lengths are
lowed to tunnel through the potential barriers of a on
dimensional optical lattice, while atoms with a higher kine

*Also at Dipartimento di Fisica, Universita` di Padova, via F. Mar-
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energy remain confined in the potential wells. While the co
densate coherently flows through the optical barriers, t
performing a dipole oscillation, the thermal component
blocked in the presence of the periodic potential and p
vides a damping mechanism. In particular, we observ
sharp change of the damping rate in the BEC dipole osc
tions by increasing the optical potential depth.

Our procedure for creating Bose condensates in an op
lattice, already described in detail elsewhere@6#, can be sum-
marized as follows. Starting with a sample of ultracold ato
of 87Rb confined in an Ioffe-type magnetic trap in the (F
51,mF521) state, we perform rf-evaporative cooling un
we reach a temperature slightly above the condensa
threshold. Next, we superimpose a one-dimensional opt
lattice onto the longitudinalx axis of the magnetic trap by
means of a far detuned, retroreflected laser beam. We
continue the evaporation process through the pha
transition temperature@21#. In this way, the atomic cloud is
prepared in an equilibrium state of the combined magn
and optical dipole potentials. In this experiment we typica
stop the evaporation when the fraction of condensed atom
.16% corresponding to a temperatureT.120 nK. In the
atomic cloud region the resulting potential has the form

V5Vmag1Vopt

5
1

2
m@vx

2x21v'
2 ~y21z2!#1sER cos2S 2px

l D , ~1!

where m is the atomic mass, andvx52p39 Hz andv'

52p392 Hz are the axial and radial frequencies of t
magnetic potential, respectively. In Eq.~1! the optical poten-
tial depth is expressed, via the dimensionless factors, in
units of the recoil energy of an atom absorbing one la
photon, ER5h2/2ml2, where l is the wavelength of the
laser creating the standing wave.

By varying the intensity of the laser beam~detuned typi-
cally Dl.3 nm to the blue of theD1 line at l.795 nm),
we change the value ofs up to 2.5. The optical potential is
then calibrated by measuring the Rabi frequency of
Bragg transition between the momentum sta
2h/l and1h/l induced by the standing wave@22#. Due to
the large detuning of the optical lattice, the maximum spo
©2002 The American Physical Society04-1
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taneous scattering rate isGsp50.25 Hz and spontaneou
scattering can be neglected on the time scale of our exp
ment.

In order to induce the relative center of mass motion
the condensate and the thermal fractions in the comb
trap, we first displace instantaneously (tdis!2p/vx) the
magnetic trapping potential in thex direction by a distance
Dx.20 mm sufficiently small to remain in the superflui
regime @6#. After the displacement, the atomic cloud fin
itself out of equilibrium, nevertheless due to the presence
the optical lattice, only the condensate is forced into mot
by the magnetic potential gradient. Indeed, when the po
tial energy given by the displacement is smaller than
optical potential depth, as in our experiment, a motion alo
thex direction can be established only by means of tunne
through the barriers of the standing wave. We have pre
ously shown@8# that a pure condensate and a thermal clo
aboveTc behave in a dramatically different way. The cohe
ence properties of the condensate imply a macroscopic
neling and a collective dipole motion can occur. On the c
trary, the incoherent nature of the thermal cloud drastica
reduces the collective tunneling probability, thus prevent
the establishing of a collective oscillation. In the prese
work we produce mixed clouds and the optical lattice acts
a filter to separate the center of mass of the coherent
incoherent components. After the displacement, we wait
half a period of the BEC oscillation in the harmonic trap (p/
vx) and then move back the magnetic potential by the d
tance2Dx. At the end of this procedure, the thermal clo
finds itself at rest in the center of the trap, while the cond
sate oscillates inside the thermal cloud with an initial amp
tude 2Dx. After a variable evolution time, the trapping po
tential is switched off and the cloud is imaged subseque
to an additional ballistic expansion of 28 ms. From the o
served column density we deduce the condensate frac
the size, and the center of mass position of both the cond
sate and the thermal components in the trap. In Fig. 1
report three absorption images corresponding to succes
times of evolution in the combined trap. For a typical co
densed fraction 16%, the Gaussian width of the therm
component and the Thomas-Fermi radius of the conden
along thex direction in the trap are, respectively, 80mm and
51 mm.

In order to show the effects of the optical lattice on t
dynamics of a mixed cloud, we study the center of m
motion of the condensate and the thermal components in
different configurations. In one~harmonic case! we switch
off the periodic potential after the preparatory procedure

FIG. 1. Absorption images after different evolution times in t
combined trap showing the dipole oscillations of the condens
inside the thermal cloud.
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scribed above, while in the other~combined case! we leave
the lattice potential on also during the subsequent evolut

Harmonic case. In absence of the lattice both the conde
sate and the thermal cloud are free to oscillate. Starting fr
an off-equilibrium configuration in which the thermal clou
is at the center of the trap, the condensate mean field pu
the thermal fraction out of the potential minimum. Durin
the time evolution the oscillation amplitude of the therm
cloud rises until an equilibrium is reached@Fig. 2~a!#. Notice
that in a pure harmonic trap, when no relative motion
induced, the BEC dipolar mode cannot be affected by
presence of the thermal component@23#. We expect that the
kinetic energy lost by the condensate is essentially conve
into kinetic energy of the thermal cloud. From the fit of th
relative center of mass position@Fig. 2~b!# with a damped
oscillation, we obtain a frequency by 8.4260.04 Hz which
is smaller of roughly 6% than the measured trapping f
quency. This is a consequence of the interaction between
oscillating condensate and the initially stationary therm
cloud and is similar to the observation reported in@20# for an
oscillating thermal cloud in the presence of an initially s
tionary condensate.

Combined case. In presence of the optical lattice the the
mal cloud stays locked at the center of the trap due to
incoherent nature, while the condensate oscillates as sh

te

FIG. 2. ~a! Center of mass position of the condensate~open
circles! and the thermal cloud~filled triangles! after the expansion
as a function of the time spent in trap when the optical potentia
switched off after the initial displacement~the line is a guide to the
eye!. ~b! DifferenceD between the two components center of ma
position plotted together with a fit to the data~continuous line!.
4-2
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in Fig. 3. Again the coupling between the condensate and
thermal cloud causes damping in the center of mass osc
tions of the condensate. Note that in the superfluid regi
the pure condensate in an optical lattice performs undam
dipole oscillations@6#. Here, during the damped motion, th
kinetic energy lost by the BEC cannot be converted into
kinetic energy of the thermal cloud, which is kept fixed
the periodic potential and should be, therefore, basically c
verted into internal energy of the cloud. The heating of
cloud corresponding to the kinetic-energy variation amou
to 20 nK which cannot be resolved within our experimen
uncertainty (DT/T520%).

The experiment is performed in the collisionless regim
where collisions between thermal atoms are negligible.
this regime, Landau damping, present when a thermal bat
elementary excitations absorbs quanta of the condensate
lective excitations, represents an important mechanism to
plain the dynamical behavior of trapped Bose gases@24#. For
temperatures larger than the chemical potential, the Lan
damping rate of low-energy excitations for a partly co
densed cloud in a pure harmonic trap is given by@23#

GL5
3p

8

kBTav

\c
, ~2!

wherec5\A4pan0/m is the velocity of sound in the cente
of the trap,n0 being the central density of the condensatea
the s-wave scattering length, andv the frequency of the
collective excitation. In our case, Eq.~2! constitutes a good
approximation to estimateGL provided that the central den
sity of the condensate and the energy spectrum are not
nificantly affected by the presence of the optical lattice. T
condition is satisfied only fors,1 @6#. For low lattice inten-
sities, the central density of the condensate can be calcu
by solving the Gross-Pitaevskii equation within a variation
approach using a Gaussian ansatz for the condensate
function. For s50.7, a dipole mode frequencyv52p
38.9 Hz, and a temperatureT5120nK, we find GL
51.6 Hz, in fair agreement with the experimental results

FIG. 3. Center of mass position~mm! of the condensate~open
circles! and the thermal cloud~filled triangles! after the expansion
as a function of the time spent in the combined trap (s51.8) to-
gether with a fit to the condensate center-of-mass position~continu-
ous line!.
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In Fig. 4 we show the damping rate measured as a fu
tion of the optical potential depthsER for a fixed trap dis-
placement (2Dx.40 mm). Close tos51 we observe a sud
den increase of the damping rate. This occurs in coincide
with the formation of the first bound state of the condens
in the lattice@25#. Actually the occurrence of a band structu
strongly modifies the energy spectrum. In particular, the L
dau damping, being a resonant energy transfer, strongly
pends on the form of the energy spectrum@15#, and an ad-
equate treatment would be needed. In addition, a theore
analysis of finite temperature damping of excitations in
presence of a periodic potential should also include ot
damping mechanisms such as intercomponent dam
originating from the collisions between the condensate
the thermal atoms as recently suggested in@14#. However, at
present, a comprehensive theoretical analysis which acco
for all the effects introduced by the presence of the lattice
lacking.

In conclusion, we have demonstrated the operation of
atom-optical filter capable of separating the center of mas
the condensate and the thermal fraction in a mixed ato
cloud. This filtering technique could, e.g., be applied to s
tially separate the ground state of a finite temperature B
fully from the thermal component. In this work, we hav
been able to control the relative motion between the cen
of mass of the condensate and of the thermal fraction i
mixed cloud, this enable us to investigate quantitative effe
both in the amplitude and in the frequency of the dipo
oscillations. Damping is caused by interactions between
condensate and the thermal fractions. Novel features are
pected in the presence of the periodic lattice potential wh
modifies the energy spectrum of the system. Indeed
changing the optical lattice parameters, a sharp rise in
damping rate has been observed when a bound state is l
to be formed. Further investigations on the temperature
pendence of the damping rate would be an interesting ex
sion of the present work.

We are indebted to Francesco Minardi for many use
discussions and for his help in the initial stage of the exp

FIG. 4. Damping rateG as a function of the optical potentia
depth in units of the recoil energy. The occurrence of the first bo
state (s.1) is reflected in a sudden increase of the damping ra
4-3
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