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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-Einstein
condensation temperature. The temperature dependencies of the frequency and damping rates of
condensate oscillations indicate significant interactions between the condensate and the thermal cloud.
Hydrodynamic oscillations of the thermal cloud analogous to first sound were observed. An out-
of-phase dipolar oscillation of the thermal cloud and the condensate was also studied, analogous
to second sound. The excitations were obserireditu using nondestructive imaging techniques.
[S0031-9007(98)06661-7]
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Bose-Einstein condensation in dilute atomic gases [1-3pnd sound. However, in superfluitie both fluids partici-
has provided a testing ground for well-developed manypate equally in first and second sound, while in a dilute
body theories of quantum fluids. Many studies haveBose gas the oscillations of each fluid are nearly uncou-
focused on the collective excitations of such gases. Expled: the in-phase oscillation involves mainly the thermal
periments have studied low-lying collective excitationscloud, whereas the out-of-phase mode is confined mainly
over a range of temperatures [4—6] and higher-lying modeto the condensate [11,12].

[7]. Zero-temperature findings have agreed well with pre- In this Letter, we study collective excitations at nonzero
dictions based on a mean-field description of the weakemperature, and extend earlier work [6] in several ways.
interatomic interactions [8—10]. However, the behav-First, we study condensate oscillations entirely in the
ior at nonzero temperature, which involves interactionsThomas-Fermiregime. In contrast, results of Ref. [6] were
between the condensate and the thermal cloud, is na@bmplicated by the transition of the condensate from the
fully understood, pointing to the need for new theoreticalThomas-Fermi to the free-particle regime with increasing
developments. temperature. Second, near the critical temperature we

The physical nature of collective excitations dependsapproach the hydrodynamic limit and observe the onset of
on the hierarchy of three length scales: the wavelength dfiydrodynamic excitations of the thermal cloud, analogous
the excitationA, the healing length which is given by to first sound. Finally, we observe a new out-of-phase
the condensate density and the scattering lengthh as  dipolar oscillation of the condensate and the thermal cloud,
& = (8many)~ /2, and the mean-free path.s, for colli- analogous to the out-of-phase second sound mode in liquid
sions between the collective excitation and other excitahelium [12].
tions which compose the thermal cloud. The collisionless The excitations were probed generally in three steps.
regime, defined bp < /¢, (or by w7 > 1 wherew is  First, as described in a previous paper [13], we produced
the frequency of the excitation aadts collision time), oc- a magnetically confined, ultracold gas of atomic sodium
curs at zero temperature and for low densities of the therin an equilibrium state which was controlled by changing
mal cloud. There, free-particle excitations are obtainedhe final frequency used in rf-evaporative cooling. The
at short wavelengthsA(x ¢), while phononlike excita- clouds were cigar shaped with weak confinement along
tions known as Bogoliubov sound (also referred to as zerone direction (axial) and tight confinement in the other
sound in recent literature) are obtained at long wavelengthisvo (radial). Second, the cloud was manipulated with
(A > £&) [11]. For excitations whera is comparable to either time-dependent magnetic fields or off-resonant light
the size of the sample, this latter condition defines theo excite low-lying collective modes. Finally, the cloud
Thomas-Fermiregime. Experiments have been performedas allowed to oscillate freely and probéd situ with
either in the limit of Bogoliubov sound excitations [5,7] or repeated, nondestructive phase-contrast imaging [7].
intermediate to the two limits [4,6]. To accurately characterize the magnetic trapping poten-

At higher densities of the normal component, whers>  tial, we excited center-of-mass oscillations of the cloud in
Imfp (w7 < 1), collective excitations become hydrody- the axial direction by sinusoidally moving the trap center.
namic in nature, and one expects two phononlike excitaThe subsequent free oscillation of the cloud gave the axial
tions, which are the in-phase or out-of-phase oscillationsrapping frequency as, = 16.93(2) Hz. The radial fre-
of two fluids (the normal fraction and the superfluid). Thequency was estimated to B80(20) Hz.
presence of two hydrodynamic modes is similar to the case The m = 0 quadrupolar modes of the condensate and
of superfluid*He, where they are known as first and sec-the thermal cloud [5] were excited by a 5-cycle pulsed

500 0031-900798/81(3)/500(4)$15.00 © 1998 The American Physical Society



VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 ULy 1998

modulation of the axial magnetic field curvature. Data 80+ x4 L% @
were evaluated for oscillations with a relative amplitude e eede qu" :

of about 10% [14]. The oscillations of each cloud were 240l oot

probed with 22 nondestructive images: one before the exci- < 1 ‘P@%M

tation to characterize the initial conditions and three groups 0 s : —
of 7 images during the free oscillation. The three groups 15] esne . ;8 )
were separated by a delay time which was varied between o T N “"""-‘.-.-..})dgds :

1 and 200 ms according to the damping time of the oscilla- :"1-0* x4 T

tion. This method of probing gave highly accurate single- 0.5 o

shot measurements of oscillation frequencies and damping 0.0 ‘ ‘ :
rates, and overcame the additional fluctuations introduced o 200 400

when combining data from observations on several clouds. By (kHz)

Phase-contrast images were analyzed by fitting the oG, 1. Equilibrium conditions before excitation. The total
served column densitiesr, z) [15] with the function numberN [(a), open circles] was determined by summing over
the observed column densities. The approximate condensate
r? . z2 >3/2 numberN, [(a), closed circlesx4], temperaturel’ [(b), open
(re/2)? (z¢/2)? circles], and chemical potential/kp [(b), closed circlesx4]
were determined from fits to the data. These are plotted
r? z2 againstAvr,;;. The dashed line indicates the observed transition
+ h,gz[exi—z(r /2)? - 2z /2)2>] 1) temperature. We estimate systematic errorsvirand N, of
! 4 as much as 20% due to the calibration of our phase-contrast
Here,r andz are the radial and axial coordinates, respecSignal-
tively, while r. andz, are the lengths of the condensate and
r; andz; the rms diameters of the thermal cloud. The func-
tion g, is defined byg,(x) = >, x’/i>. Equation (1)is time of the oscillation amplitude) of two distinct oscilla-
motivated by a simple model of the mixed cloud: a meantions. We observed no evidence for coupling between the
field dominated condensate amid a saturated noncondenseskillations inz. and inz,, allowing one to consider the
ideal gas obeying Bose-Einstein statistics [16]. Since alexcitations as nearly isolated oscillations of the thermal
quantities were allowed to vary independently (includingcloud and of the condensate, respectively.
the amplitudes:, and k,), Eq. (1) is an almost model-  The thermal cloud oscillated at a frequency of about
independent parametrization of a bimodal distributign:  1.75v, with a damping rate of abow20 s! (Fig. 2).
is determined from the cusps of the bimodal distribution,The observed frequency is between the predicted col-
andz, from the thermal tails. lisionless limit of ¥ = 2v, and the hydrodynamic limit of
The initial conditions for the oscillation were character-» = 1.55v, [17]. The damping rate is predicted to van-
ized by the total number of atomé, the temperatur@, ish in both the collisionless and hydrodynamic limits, and
and the chemical potential. N was obtained by integrat- to reach a broad maximum ef1.4» whenv is between
ing the column density, whil@ and u were determined its two limiting values [18], as we observe. One can esti-
from the fits bykpT = m?mv2z? andu = m>mv2z2/2,  mate the collisional mean-free pathiag, = (nro)™' =
whereky is Boltzmann’s constant. We determingdby 96 um X (T/uK)~3/2 using the peak density of the ther-
fitting the thermal wings alone. In addition, an approxi-mal cloudn; = 2.612(mksT /27 h?)*/2, and a collisional
mate condensate numh¥y was determined by summing cross sectiorr = 87a” with the scattering lengtla =
the column density which is ascribed to the condensate a@-75 nm [19]. Around the transition temperature, we find
cording to the fits [first line of Eq. (1)]. These conditions z; = 8/,tp. This comparison of length scales, the ob-
are shown in Fig. 1 as a function &fv,y = v,y — vy Served frequency shift away frofw,, and the high damp-
where v,¢ is the final frequency used in the rf evapora-ing rate all demonstrate that the collective behavior of the
tion, and vy is the resonant rf frequency for atoms atthermal cloud is strongly affected by collisions. Thus, the
the bottom of the magnetic trap. The frequengy, re-  oscillations which we observe indicate the onset of hy-
mained constant within 20 kHz. The Bose-Einstein con-drodynamic excitations. The hydrodynamic limit, charac-
densation transition was observed 7at= 1.7 uK with  terized by low damping, would only be reached for even
about80 X 10° atoms. The temperature varied linearly larger clouds.
with Awv,¢, with a slope 0.5 ©wK/MHz, and was measur-  We studied then = 0 quadrupolar condensate oscilla-
able down td).5 uK. Reliable determinations af. (and tions in greater detail. Typical oscillation data (Fig. 3)
©) were obtained only belowi v, = 350 kHz. For low demonstrate that the oscillation has a slightly lower fre-
Avy, w/kg = 380 nK, corresponding to/y = 15 X 10%.  quency and is damped more rapidly at high temperature
The lengths. andz; were fit independently to decay- than at low temperature. At low temperatures, the con-
ing sinusoidal functions of time. We thus determined thedensate oscillation frequency approached a limiting value
frequency and damping rate (the inverse of tlie decay of 1.569(4)v,, close to the zero-temperature, high-density

ii(r,z) = he ma><0,1 —

501



VOLUME 81, NUMBER 3 PHYSICAL REVIEW LETTERS 20 ULy 1998

Temperature (uK) 360 (a)
015 110 115 210
S E T ...... L 2.00
T 321 (@) i 2 i
g 4 . % 5 5 - 320
g 289 e °! ’ 1.58 s 2
EJ- I P }% ...... AR L1, g £ 280
L oon ] QE - % | T T 1
—~ : - 320 b c
2] ® * T 8 g . © t ©
o 204 H 7]
o : &
4 g %‘% 8 280 4 5
€ 10 :
g | ,.g.’é;% ; 3 3
S |o coneeng®
0 . — 240 4 l
0 200 400
Avyt (kHz) r T T 1
0 100 200 300

FIG. 2. Temperature dependent frequency and damping rates . .
of m = 0 quadrupolar collective modes. Points show measure- Time After Drive (ms)
ments for oscillations of the thermal cloud (open circles) and L ,
condensate (closed circles). The free-particle limigef and ~ FIG. 3. Quadrupolar condensate oscillations. Axial conden-
the zero-temperature condensate oscillation limit.680», are ~ Sate lengths determined from fits to phase-contrast images
indicated. The vertical dashed line marks the observed trar@'® shown for (a) low and (b) high temperature. da); =
sition temperature. The temperature axis is based on a I|ne132|0 kHz ‘and 7 < 0.5 uK; (b) Avy =250 kHz and T =
fit to the data in (b), and is determined only f6r> 0.5 uK, 0.95 uK. Lines are fits to a damped sinusoidal oscillation with
where temperature could be measured. a downward slope to account for heating. [{)situ images,
taken at 5 ms intervals, show large-amplitude oscillations of
a low-temperature Bose-Einstein condensate. Final data were

. . . luated f illati litud f about 10%.
prediction of1.580v, [9]. The slight difference between evaluaied for oscilation ampltices of abod °

these values may be due to nonzero-temperature effects
even for smallAv. At higher temperatures, the fre- again at high temperatures as one reaches the hydrody-
quency drops below the low-temperature limit. This trendnamic limit.
might be explained by the weakening of the effective trap- To further probe the interaction between the thermal
ping potential for the condensate by the mean-field potereloud and the condensate, we studied an excitation of a
tial of the thermal cloud. Considering a thermal densitydifferent symmetry: the rigid-body, out-of-phase motion
ny o« e Vrd/kT one can estimate a downward frequencyof the condensate and the thermal cloud in the harmonic
shift of as much as 5% due to this effect, consistent withtrapping potential [12]. This mode is analogous to second
our observations. sound in liquid helium, where the superfluid and the normal
Damping rates for the condensate oscillations variedluid undergo out-of-phase density oscillations of equal
strongly with temperature, rising from a low-temperaturemagnitude.
limit of about2 s™! to as much ag0 s™!. Recent treat- We excited this mode with focused off-resonant, blue-
ments based on Landau damping [20—22] provide qualitadetuned laser light, which produced3auK-high repul-
tive agreement with our findings. A quantitative predictionsive potential similar to that used in Ref. [7]. After a
for these damping rates [22] could not be checked becaugmrtly condensed cloud was formed, the light was turned
our data were collected fotgT = 6w, where the high- on and directed at the edge of the cloud, where it over-
temperature prediction might not be applicable, while thdapped only with the thermal cloud. By tilting a motor-
inability to measurd for low Aw,; prevents a comparison ized mirror, the laser beam was steered toward and then
at low temperatures. away from the center of the cloud, pushing the thermal
For the condensate oscillations at high temperatures, @oud in the axial direction while not directly affecting the
comparison of length scales.(= 4 I,,) indicates that condensate. The light was then turned off, and the cloud
hydrodynamic effects may already be present. This sugallowed to freely oscillate.
gests that these oscillations may constitute second soundThe position of the center of mass of the condensate
in a Bose gas [11]. However, there are no theoreticalFig. 4(a)] was monitored with repeated phase-contrast im-
predictions regarding the transition from collisionless toages. The condensate motion was initially slow, and then
hydrodynamic condensate oscillations with which to com-grew to an asymptotic sinusoidal oscillation, correspond-
pare our data. In future experiments with larger condening to the in-phase motion of the entire cloud (condensate
sates, the signature of this crossover may appear in thgus thermal cloud) at the trapping frequengy By sub-
damping rate of the oscillations, which should decreaséracting the undamped center-of-mass motion of the entire
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