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Temperature-Dependent Damping and Frequency Shifts in Collective Excitations
of a Dilute Bose-Einstein Condensate

D. S. Jin,* M. R. Matthews, J. R. Ensher, C. E. Wieman, and E. A. Cornell*
Joint Institute for Laboratory Astrophysics, National Institute of Standards and Technology and University of Color

and Physics Department, University of Colorado, Boulder, Colorado 80309-0440
(Received 29 October 1996)

We extend to finite temperature the study of collective excitations of a Bose-Einstein condensate in
a dilute gas of87Rb. Measurements of two modes with different angular momenta show unexpected
temperature-dependent frequency shifts, with very different behavior for the two symmetries; in addition
there is a sharp feature in the temperature dependence of one mode. The damping of these excitations
exhibits dramatic temperature dependence, with condensate modes at temperatures near the transition
damping even faster than analogous noncondensate oscillations. [S0031-9007(96)02283-1]

PACS numbers: 03.75.Fi, 05.30.Jp, 32.80.Pj
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Bose-Einstein condensation (BEC) in a dilute atom
vapor [1–3] has been the subject of several recent e
perimental studies characterizing this weakly interactin
quantum fluid. In particular, measurements of interpa
ticle interactions and the low-lying collective excitation
of the condensate [4–7] show excellent agreement w
theoretical predictions based on a mean-field descripti
of the condensate. This ability to make quantitative com
parison between experiment and theory is one of the p
mary advantages of BEC in a dilute atomic gas. Previo
excitation measurements were performed in a regime
which there is no detectable noncondensate fraction. T
Letter expands the study of low-lying collective excita
tions of condensates to include higher temperatures
regime where theoretical predictions do not yet exist [8
At these temperatures the interplay between condens
and noncondensate components, a potentially dissipat
process not included in the usual mean-field theoretic
treatment [9], strongly affects the physics. We find larg
energy shifts and unexpected structure in the condens
excitation spectrum, as well as a damping rate whic
plummets with decreasing temperature. These drama
temperature effects highlight the need for new theoretic
understanding.

The apparatus and techniques used for creating
Bose-condensed sample in a dilute atomic gas of87Rb
[1,10,11], accurately determining its temperature [12], an
probing the spectrum of low-lying collective excitations
[4] are described elsewhere. We first optically trap an
cool the atoms, then load them into a purely magne
TOP (time-averaged orbiting potential) trap [10]. Thi
trap provides a cylindrically symmetric, harmonic con
finement potential. Cooling the atoms in the TOP tra
proceeds by forced evaporation, whereby an applied we
radio-frequency (rf) magnetic field induces Zeeman tra
sitions to untrapped spin states [13]. The final temper
ture is controlled by the final frequency of the rf field
The atom cloud is observed by absorption imaging,
which the shadow of the atomic cloud is imaged onto
charge-coupled device array. To circumvent limitation
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of optical imaging resolution we allow the atom cloud t
expand freely for 10 ms before imaging [1,4].

The condensates are produced in a trap with rad
frequencynr ­ 129 Hz (365 Hz axial), with the same
evaporation parameters as used in our recent quantita
study of the BEC phase transition [12]. We thus perfor
finite-temperature studies of condensate excitations in
well-characterized system, complementing our previo
low-temperature study of collective excitations whic
examined the dependence on relative interaction streng
We report our results as a function of reduced temperat
T 0 ; TyTo , where To is the predicted BEC transition
temperature for a harmonically confined ideal gas [14
The estimated systematic uncertainty inT 0 is 5% for
T 0 . 0.6, and 10% for T 0 , 0.6. At T 0 , 0.6 the
noncondensate component becomes unobservably sm
and the temperature is inferred from the final frequen
of the rf field. The lowest attainableT 0 is limited by
the evaporation parameters and the extended size of
condensate; deeper evaporative cuts quickly reduce
number of atoms in the condensate. While plottin
our results as a function ofT 0, we emphasize that the
evaporative cooling process changes the total num
of atoms as well as the temperature. Figure 1 sho
various quantities relevant for our particular evaporatio
parameters.

The basic spectroscopic approach for studying colle
tive excitations follows Ref. [4]. First, a small applied
sinusoidal, time-dependent perturbation to the transve
trap potential distorts the cloud. We then turn off the pe
turbation and the cloud freely oscillates in the unperturb
trap. Finally, the cloud is suddenly allowed to expan
and the resulting cloud shape imaged. The symmetry
the drive perturbation can be varied in order to match t
symmetry of a particular condensate mode. The mod
are labeled by their angular momentum projectionm on
the trap axis. In this work, we examine the previously o
servedm ­ 0 andm ­ 2 modes [4,7]. Frequency, ampli-
tude, and damping rate of the excitations are determin
as shown in Fig. 2.
© 1997 The American Physical Society
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FIG. 1. We plot (a) temperatureT and (b) total number of
atoms N as a function of normalized temperatureT 0. The
relationship betweenN and T is not fundamental but rathe
a consequence of our evaporative trajectory. In (c) we p
the number of condensate atomsNBEC and in (d) the inferred
noncondensate numberNnc. Solid lines are guides to the eye
Because of their different spatial extents, the peak density
the condensate component is an order of magnitude larger
that of the noncondensate component belowT 0 ø 0.9.

FIG. 2. In this example, we plot the observed widths, obtain
from 2-Gaussian surface fits to absorption images, of
T 0 ­ 0.79 cloud with an m ­ 0 excitation. The widths of
each component, condensate and noncondensate, of the f
oscillating cloud are fit by an exponentially damped si
wave:A exps2gtd sins2pnt 1 fd 1 B, from which we obtain
the response frequencyn, initial fractional amplitudeAyB,
and decay rateg. For each pair of points (condensate a
noncondensate widths) a fresh cloud of atoms is coo
excited, and allowed to evolve a timet before a single
destructive measurement.
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The main results of this work are shown in Fig. 3. For
these data, the perturbative drive pulse duration was typ
cally 14 ms, with the center frequency set to match the
frequency of the excitation being studied. The respons
amplitudes (defined in caption for Fig. 2) for these data
were kept small, between 5% and 15%. The radial trap
frequencynr is calibrated by driving am ­ 1, or “slosh-
ing,” excitation of a cloud atT 0 ­ 1.3. Interatomic in-
teractions should not affect this excitation which consists
solely of rigid-body center-of-mass translation. We have
also checked that anharmonicities in the confining poten
tial are negligible in our measurements.

The normalized response frequencies as a functio
of T 0 are shown in Fig. 3(a). Collective excitations of
a noninteracting cloud should occur at twice the trap
frequency (dashed line). Indeed, above the BEC phas
transition, them ­ 0 andm ­ 2 excitations are basically

FIG. 3. Temperature-dependent excitation spectrum: (a) Fre
quencies (normalized by the radial trap frequency) form ­ 0
(triangles) andm ­ 2 (circles) collective excitation symmetries
are shown as a function of normalized temperatureT 0. Oscil-
lations of both the condensate (solid symbols) and nonconden
sate (open symbols) clouds are observed. Short lines extendin
from the left side of the plot mark the mean-field theoretical
predictions in theT ­ 0 limit (for 6000 atoms in our trap) [9].
(b) For both them ­ 0 and m ­ 2 condensate excitations the
damping rateg quickly decreases with decreasing temperature
765
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degenerate atnynr ø 2. The noncondensate frequencie
are consistently about 1% higher than2nr , presumably
because interactions are not completely negligible ev
at the relatively low densities of these clouds [15
The noncondensate excitation frequencies do not v
significantly with temperature, even forT 0 , 1.

In contrast, the excitation spectrum of the condens
exhibits strong temperature dependence. While some
quency shift might be expected because of the tempe
ture dependence of the number of condensate atoms,
therefore the relative interaction strength, the magnitu
of the observed temperature-dependent frequency sh
is several times larger than that observed due to int
action effects [4]. In addition, the frequencies of the
two modes, which are degenerate in the limit of zero i
teractions, actually shift in opposite directions, with on
the m ­ 0 heading to the noninteracting limit. A sharp
change is apparent in the slope of the temperature dep
dence of them ­ 0 excitation frequency. Repeated mea
surements confirm that this distinct feature atT 0 ø 0.62
reproduces. We speculate this might arise from coupli
with another mode, perhaps with a strongly temperatu
dependent second-sound excitation or with the excitat
of the noncondensate component. No corresponding d
tinct feature is evident in the temperature dependence
them ­ 2 condensate excitation frequency.

Figure 3(b) presents the decay rateg as a function of
temperature. While the frequencies of the two condens
modes behave very differently, their decay rates app
to fall on a single curve, withg quickly decreasing
with decreasingT 0 [16]. Another remarkable feature is
that for temperatures where two-component clouds
observed, the condensate excitations damp much fa
than their noncondensate counterparts (see also Fig
The strong temperature dependence suggests that fi
decay times reported in Refs. [4] and [7] were due
the finite temperature of the samples and that condens
excitations may persist for very long times at lowerT 0.

In the limit of low amplitude response, the measure
spectrum corresponds to the elementary excitations
BEC in a dilute gas. At our lowest temperature,T 0 ø
0.48, we examine the condensate excitations as a funct
of increasing response amplitude. Them ­ 0 mode
exhibits a significantly smaller anharmonic frequency sh
than the mode withm ­ 2 symmetry [Fig. 4(a)]. The
decay ratesg for the m ­ 0 and m ­ 2 condensate
excitations show some dependence on response ampli
[Fig. 4(b)], but in neither case doesg approach zero
in the limit of small response. These data demonstr
that n and g measured for a typical response amplitud
of 10% are fairly close to the zero-amplitude perturb
tion limit.

For comparison with the results of our free-evolutio
spectroscopy technique, Fig. 5 presents a more conv
tional resonance measurement. While the central f
quency is in good agreement with that measured fro
observing the freely oscillating widths as discussed abo
766
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FIG. 4. For large response amplitudes at our lowest temper
ture,T 0 ø 0.48, we measure the shift in the response frequenc
n and damping rateg. In (a) the frequencies, normalized by
the small drive limit, show a larger anharmonic shift for the
m ­ 2 condensate excitation than for them ­ 0 case. (Some
of them ­ 2 data is the same as presented in Ref. [4] and is re
produced here to facilitate comparison.) Solid lines are guide
to the eye. In (b) the decay ratesg for the m ­ 0 andm ­ 2
condensate modes shift in opposite directions with increasin
response amplitude.

the resonance technique is inefficient in terms of data co
lection time and moreover vulnerable to systematic error
In particular, extracting a damping rate from a linewidth
measurement requires a drive duration long compared

FIG. 5. The response of them ­ 0 condensate excitation at
T 0 ­ 0.79 as a function of the center drive frequency. Solid
lines show fits to the expected form for the (a) amplitude an
(b) phase of a driven harmonic oscillator in the presence o
damping. For these measurements a constant amplitude dri
is applied with a duration of 150 ms (about 7 Hz FWHM in
frequency), after which the resulting excitation is observed fo
10 ms to determine amplitude and phase.
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the damping time, but dissipation during the long driv
then alters the cloud temperature and density.

This paper extends previous studies of condensa
excitations to temperatures for which both condensate a
noncondensate atoms are present in significant numb
This regime is not yet well understood theoretically, a
the standard mean-field theoretical treatment of collecti
excitations of a harmonically confined dilute BEC [9] is
done for theT ­ 0 limit and does not include dissipation.
Both m ­ 0 and m ­ 2 condensate modes exhibit large
temperature-dependent frequency shifts. The decay r
of the condensate collective excitations decreases rapi
with temperature, and shows no signs of leveling of
We believe this data, along with further theoretica
study of these elementary excitations, will help deepe
the understanding of Bose-Einstein condensation a
superfluidity of a gas.
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