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Collisionless and Hydrodynamic Excitations of a Bose-Einstein Condensate
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Collective excitations of a dilute Bose gas were probed above and below the Bose-Eins
condensation temperature. The temperature dependencies of the frequency and damping ra
condensate oscillations indicate significant interactions between the condensate and the thermal
Hydrodynamic oscillations of the thermal cloud analogous to first sound were observed. An o
of-phase dipolar oscillation of the thermal cloud and the condensate was also studied, analo
to second sound. The excitations were observedin situ using nondestructive imaging techniques.
[S0031-9007(98)06661-7]
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Bose-Einstein condensation in dilute atomic gases [1–
has provided a testing ground for well-developed man
body theories of quantum fluids. Many studies hav
focused on the collective excitations of such gases. E
periments have studied low-lying collective excitation
over a range of temperatures [4–6] and higher-lying mod
[7]. Zero-temperature findings have agreed well with pre
dictions based on a mean-field description of the wea
interatomic interactions [8–10]. However, the behav
ior at nonzero temperature, which involves interaction
between the condensate and the thermal cloud, is n
fully understood, pointing to the need for new theoretica
developments.

The physical nature of collective excitations depend
on the hierarchy of three length scales: the wavelength
the excitationl, the healing lengthj which is given by
the condensate densityn0 and the scattering lengtha as
j ­ s8pan0d21y2, and the mean-free pathlmfp for colli-
sions between the collective excitation and other excit
tions which compose the thermal cloud. The collisionles
regime, defined byl ø lmfp (or by vt ¿ 1 wherev is
the frequency of the excitation andt its collision time), oc-
curs at zero temperature and for low densities of the the
mal cloud. There, free-particle excitations are obtaine
at short wavelengths (l ø j), while phononlike excita-
tions known as Bogoliubov sound (also referred to as ze
sound in recent literature) are obtained at long wavelengt
(l ¿ j) [11]. For excitations wherel is comparable to
the size of the sample, this latter condition defines th
Thomas-Fermi regime. Experiments have been perform
either in the limit of Bogoliubov sound excitations [5,7] or
intermediate to the two limits [4,6].

At higher densities of the normal component, whenl ¿

lmfp (vt ø 1), collective excitations become hydrody-
namic in nature, and one expects two phononlike excit
tions, which are the in-phase or out-of-phase oscillation
of two fluids (the normal fraction and the superfluid). Th
presence of two hydrodynamic modes is similar to the ca
of superfluid4He, where they are known as first and sec
0031-9007y98y81(3)y500(4)$15.00
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ond sound. However, in superfluid4He both fluids partici-
pate equally in first and second sound, while in a dilu
Bose gas the oscillations of each fluid are nearly unco
pled: the in-phase oscillation involves mainly the therm
cloud, whereas the out-of-phase mode is confined mai
to the condensate [11,12].

In this Letter, we study collective excitations at nonze
temperature, and extend earlier work [6] in several way
First, we study condensate oscillations entirely in th
Thomas-Fermi regime. In contrast, results of Ref. [6] we
complicated by the transition of the condensate from t
Thomas-Fermi to the free-particle regime with increasin
temperature. Second, near the critical temperature
approach the hydrodynamic limit and observe the onset
hydrodynamic excitations of the thermal cloud, analogo
to first sound. Finally, we observe a new out-of-pha
dipolar oscillation of the condensate and the thermal clou
analogous to the out-of-phase second sound mode in liq
helium [12].

The excitations were probed generally in three step
First, as described in a previous paper [13], we produc
a magnetically confined, ultracold gas of atomic sodiu
in an equilibrium state which was controlled by changin
the final frequency used in rf-evaporative cooling. Th
clouds were cigar shaped with weak confinement alo
one direction (axial) and tight confinement in the othe
two (radial). Second, the cloud was manipulated wi
either time-dependent magnetic fields or off-resonant lig
to excite low-lying collective modes. Finally, the cloud
was allowed to oscillate freely and probedin situ with
repeated, nondestructive phase-contrast imaging [7].

To accurately characterize the magnetic trapping pote
tial, we excited center-of-mass oscillations of the cloud
the axial direction by sinusoidally moving the trap cente
The subsequent free oscillation of the cloud gave the ax
trapping frequency asnz ­ 16.93s2d Hz. The radial fre-
quency was estimated to be230s20d Hz.

The m ­ 0 quadrupolar modes of the condensate a
the thermal cloud [5] were excited by a 5-cycle pulse
© 1998 The American Physical Society
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modulation of the axial magnetic field curvature. Da
were evaluated for oscillations with a relative amplitu
of about 10% [14]. The oscillations of each cloud we
probed with 22 nondestructive images: one before the e
tation to characterize the initial conditions and three grou
of 7 images during the free oscillation. The three grou
were separated by a delay time which was varied betw
1 and 200 ms according to the damping time of the osci
tion. This method of probing gave highly accurate sing
shot measurements of oscillation frequencies and damp
rates, and overcame the additional fluctuations introdu
when combining data from observations on several clou

Phase-contrast images were analyzed by fitting the
served column densities̃nsr , zd [15] with the function

ñsr , zd ­ hc max

µ
0, 1 2

r2

srcy2d2 2
z2

szcy2d2

∂3y2

1 htg2

∑
exp

µ
2

r2

2srty2d2
2

z2

2szty2d2

∂∏
. (1)

Here,r andz are the radial and axial coordinates, respe
tively, whilerc andzc are the lengths of the condensate a
rt andzt the rms diameters of the thermal cloud. The fun
tion g2 is defined byg2sxd ­

P`
i­1 xiyi2. Equation (1) is

motivated by a simple model of the mixed cloud: a mea
field dominated condensate amid a saturated nonconde
ideal gas obeying Bose-Einstein statistics [16]. Since
quantities were allowed to vary independently (includi
the amplitudeshc and ht), Eq. (1) is an almost model
independent parametrization of a bimodal distribution:zc

is determined from the cusps of the bimodal distributio
andzt from the thermal tails.

The initial conditions for the oscillation were characte
ized by the total number of atomsN , the temperatureT ,
and the chemical potentialm. N was obtained by integrat
ing the column density, whileT and m were determined
from the fits bykBT ­ p2mn2

z z2
t andm ­ p2mn2

z z2
cy2,

wherekB is Boltzmann’s constant. We determinedT by
fitting the thermal wings alone. In addition, an approx
mate condensate numberN0 was determined by summing
the column density which is ascribed to the condensate
cording to the fits [first line of Eq. (1)]. These condition
are shown in Fig. 1 as a function ofDnrf ­ nrf 2 nbot
where nrf is the final frequency used in the rf evapor
tion, andnbot is the resonant rf frequency for atoms
the bottom of the magnetic trap. The frequencynbot re-
mained constant within 20 kHz. The Bose-Einstein co
densation transition was observed atT . 1.7 mK with
about80 3 106 atoms. The temperature varied linear
with Dnrf, with a slope of3.5 mKyMHz, and was measur
able down to0.5 mK. Reliable determinations ofzc (and
m) were obtained only belowDnrf ­ 350 kHz. For low
Dnrf, mykB . 380 nK, corresponding toN0 . 15 3 106.

The lengthszc andzt were fit independently to decay
ing sinusoidal functions of time. We thus determined t
frequency and damping rate (the inverse of the1ye decay
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FIG. 1. Equilibrium conditions before excitation. The tota
numberN [(a), open circles] was determined by summing ove
the observed column densities. The approximate condens
numberN0 [(a), closed circles,34], temperatureT [(b), open
circles], and chemical potentialmykB [(b), closed circles,34]
were determined from fits to the data. These are plott
againstDnrf. The dashed line indicates the observed transiti
temperature. We estimate systematic errors inN and N0 of
as much as 20% due to the calibration of our phase-contr
signal.

time of the oscillation amplitude) of two distinct oscilla
tions. We observed no evidence for coupling between t
oscillations inzc and in zt , allowing one to consider the
excitations as nearly isolated oscillations of the therm
cloud and of the condensate, respectively.

The thermal cloud oscillated at a frequency of abo
1.75nz with a damping rate of about20 s21 (Fig. 2).
The observed frequencyn is between the predicted col-
lisionless limit ofn ­ 2nz and the hydrodynamic limit of
n ­ 1.55nz [17]. The damping rate is predicted to van
ish in both the collisionless and hydrodynamic limits, an
to reach a broad maximum of,1.4n whenn is between
its two limiting values [18], as we observe. One can es
mate the collisional mean-free path aslmfp . snT sd21 ­
96 mm 3 sTymKd23y2 using the peak density of the ther
mal cloudnT ­ 2.612smkBTy2p h̄2d3y2, and a collisional
cross sections ­ 8pa2 with the scattering lengtha ­
2.75 nm [19]. Around the transition temperature, we fin
zt . 8lmfp. This comparison of length scales, the ob
served frequency shift away from2nz , and the high damp-
ing rate all demonstrate that the collective behavior of t
thermal cloud is strongly affected by collisions. Thus, th
oscillations which we observe indicate the onset of h
drodynamic excitations. The hydrodynamic limit, chara
terized by low damping, would only be reached for eve
larger clouds.

We studied them ­ 0 quadrupolar condensate oscilla
tions in greater detail. Typical oscillation data (Fig. 3
demonstrate that the oscillation has a slightly lower fr
quency and is damped more rapidly at high temperatu
than at low temperature. At low temperatures, the co
densate oscillation frequency approached a limiting val
of 1.569s4dnz , close to the zero-temperature, high-densi
501
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FIG. 2. Temperature dependent frequency and damping ra
of m ­ 0 quadrupolar collective modes. Points show measur
ments for oscillations of the thermal cloud (open circles) an
condensate (closed circles). The free-particle limit of2nz and
the zero-temperature condensate oscillation limit of1.580nz are
indicated. The vertical dashed line marks the observed tra
sition temperature. The temperature axis is based on a line
fit to the data in (b), and is determined only forT . 0.5 mK,
where temperature could be measured.

prediction of1.580nz [9]. The slight difference between
these values may be due to nonzero-temperature effe
even for smallDnrf. At higher temperatures, the fre-
quency drops below the low-temperature limit. This tren
might be explained by the weakening of the effective trap
ping potential for the condensate by the mean-field pote
tial of the thermal cloud. Considering a thermal densit
nT ~ e2Usr ,zdykBT , one can estimate a downward frequenc
shift of as much as 5% due to this effect, consistent wit
our observations.

Damping rates for the condensate oscillations varie
strongly with temperature, rising from a low-temperatur
limit of about 2 s21 to as much as20 s21. Recent treat-
ments based on Landau damping [20–22] provide qualit
tive agreement with our findings. A quantitative prediction
for these damping rates [22] could not be checked becau
our data were collected forkBT # 6m, where the high-
temperature prediction might not be applicable, while th
inability to measureT for low Dnrf prevents a comparison
at low temperatures.

For the condensate oscillations at high temperatures
comparison of length scales (zc . 4 lmfp) indicates that
hydrodynamic effects may already be present. This su
gests that these oscillations may constitute second sou
in a Bose gas [11]. However, there are no theoretic
predictions regarding the transition from collisionless t
hydrodynamic condensate oscillations with which to com
pare our data. In future experiments with larger conde
sates, the signature of this crossover may appear in t
damping rate of the oscillations, which should decreas
502
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FIG. 3. Quadrupolar condensate oscillations. Axial conde
sate lengths determined from fits to phase-contrast imag
are shown for (a) low and (b) high temperature. (a)Dnrf ­
30 kHz and T , 0.5 mK; (b) Dnrf ­ 250 kHz and T ­
0.95 mK. Lines are fits to a damped sinusoidal oscillation with
a downward slope to account for heating. (c)In situ images,
taken at 5 ms intervals, show large-amplitude oscillations
a low-temperature Bose-Einstein condensate. Final data w
evaluated for oscillation amplitudes of about 10%.

again at high temperatures as one reaches the hydro
namic limit.

To further probe the interaction between the therm
cloud and the condensate, we studied an excitation o
different symmetry: the rigid-body, out-of-phase motion
of the condensate and the thermal cloud in the harmon
trapping potential [12]. This mode is analogous to secon
sound in liquid helium, where the superfluid and the norm
fluid undergo out-of-phase density oscillations of equ
magnitude.

We excited this mode with focused off-resonant, blue
detuned laser light, which produced a3-mK-high repul-
sive potential similar to that used in Ref. [7]. After a
partly condensed cloud was formed, the light was turne
on and directed at the edge of the cloud, where it ove
lapped only with the thermal cloud. By tilting a motor-
ized mirror, the laser beam was steered toward and th
away from the center of the cloud, pushing the therm
cloud in the axial direction while not directly affecting the
condensate. The light was then turned off, and the clo
allowed to freely oscillate.

The position of the center of mass of the condensa
[Fig. 4(a)] was monitored with repeated phase-contrast im
ages. The condensate motion was initially slow, and th
grew to an asymptotic sinusoidal oscillation, correspon
ing to the in-phase motion of the entire cloud (condensa
plus thermal cloud) at the trapping frequencynz . By sub-
tracting the undamped center-of-mass motion of the ent
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FIG. 4. Out-of-phase dipole mode of a partly condense
cloud. The center-of-mass of the condensate in the trap (a) w
monitored after displacing the thermal cloud with a far-detune
laser beam. The condensate oscillated relative to the center-
mass of the entire sample (b) at a frequency smaller thannz ,
with a damping rate of9s1d s21. The line in (a) is a guide to
the eye, and that in (b) is a fit to the data. Data were collecte
in several repetitions of the experiment, for whichT ­ 1 mK,
mykB ­ 200 nK, andN ­ 40 3 106.

cloud, we isolated the out-of-phase oscillation of the con
densate and the thermal cloud [Fig. 4(b)].

The frequency of the out-of-phase dipole mode o
17.26s9d Hz was significantly lower than the trapping
frequency which wasnz ­ 18.04s1d Hz at that time. This
,5% frequency shift is again evidence of the interactio
between the thermal cloud and the condensate. T
motion we observed, in which the condensate is driven b
the moving thermal cloud, cannot be described by rece
theories which assume a stationary thermal cloud [23
and requires more sophisticated treatments [12,21].

In conclusion, we have studied the collective excita
tions of a dilute Bose gas at nonzero temperatures in t
Thomas-Fermi limit, and near the hydrodynamic regime
The hydrodynamic oscillation of the thermal cloud, corre
sponding to first sound, was indicated by measuremen
both above and below the Bose-Einstein condensati
transition. The accurately determined frequency shift o
the m ­ 0 quadrupole oscillations away from their zero-
temperature limit and of the out-of-phase oscillation awa
from the trap frequency are measures of the forces exert
by the condensate and the thermal cloud on one anothe

We are grateful to Allan Griffin, Jason Ho, Dan
Rokhsar, and Sandro Stringari for insightful discussion
and to Dallin Durfee for experimental assistance. Thi
work was supported by the Office of Naval Research
d
as
d
of-

d

-

f

n
he
y
nt
],

-
he
.
-
ts

on
f

y
ed
r.

s,
s
,

NSF, Joint Services Electronics Program (ARO), a
the David and Lucile Packard Foundation. D. M. S.-K
acknowledges support from the NSF.

*Present address: Bell Labs, Lucent Technologies, Murr
Hill, NJ 07974.

[1] M. H. Andersonet al., Science269, 198 (1995).
[2] K. B. Davis et al., Phys. Rev. Lett.75, 3969 (1995).
[3] C. C. Bradley, C. A. Sackett, and R. G. Hulet, Phys. Re

Lett. 78, 985 (1997); see also C. C. Bradleyet al., Phys.
Rev. Lett.75, 1687 (1995).

[4] D. S. Jinet al., Phys. Rev. Lett.77, 420 (1996).
[5] M.-O. Meweset al., Phys. Rev. Lett.77, 988 (1996).
[6] D. S. Jinet al., Phys. Rev. Lett.78, 764 (1997).
[7] M. R. Andrewset al., Phys. Rev. Lett.79, 553 (1997).
[8] M. Edwardset al., Phys. Rev. Lett.77, 1671 (1996).
[9] S. Stringari, Phys. Rev. Lett.77, 2360 (1996).

[10] E. Zaremba, Phys. Rev. A57, 518 (1998); G. M.
Kavoulakis and C. J. Pethick, e-print cond-mat/9710130

[11] T. D. Lee and C. N. Yang, Phys. Rev.113, 1406 (1959);
A. Griffin, Excitations in a Bose-Condensed Liquid(Cam-
bridge University Press, Cambridge, 1993), and referen
therein; A. Griffin and E. Zaremba, Phys. Rev. A56, 4839
(1997); V. B. Shenoy and T.-L. Ho, Phys. Rev. Lett.80,
3895 (1998).

[12] E. Zaremba, A. Griffin, and E. Nikuni, e-print cond-ma
9705134.

[13] M.-O. Meweset al., Phys. Rev. Lett.77, 416 (1996).
[14] The condensate oscillation frequency rose by as mu

as 1 Hz from its low-amplitude limit as the relative
amplitude of oscillation increased from 10% to 50%. Th
shift agrees with predictions of F. Dalfovo, C. Minniti, an
L. P. Pitaevskii, Phys. Rev. A56, 4855 (1997).

[15] A phase-contrast image gives the optical phasef ac-
crued by off-resonant light passing through a den
medium. For our setup, the column densityñ ­ f 3
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