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FIG. 1. Observation of momentum transfer by Bragg scat-
tering. (a) Atoms were exposed to laser beams with wave
vectors k1 and k2 and frequency difference v, imparting mo-
mentum h̄q along the axis of the trapped condensate. The
Bragg scattering response of trapped condensates [(b) and (d)]
was much weaker than that of condensates after a 5 ms free
expansion [(c) and (e)]. Absorption images [(b) and (c)] af-
ter 70 ms time of flight show scattered atoms distinguished
from the denser unscattered cloud by their axial displacement.
Curves (d) and (e) show radially averaged (vertically in image)
profiles of the optical density after subtraction of the thermal
distribution. The Bragg scattering velocity is smaller than the
speed of sound in the condensate (position indicated by circle).
Images are 3.3 3 3.3 mm.

Both beams were derived from a common source, and
then passed through two acousto-optical modulators op-
erated with the desired frequency difference v, giving the
beams a detuning of 1.6 GHz below the jF ! 1! ! jF0 !
0, 1, 2! optical transitions. Thus, at the optical wave-
length of 589 nm, the Bragg recoil velocity was h̄q"m #
7 mm"s, giving a predicted Bragg resonance frequency of
v0

q ! h̄q2"2m # 2p 3 1.5 kHz for free particles. The
beams were pulsed on at an intensity of about 1 mW"cm2

for a duration of 400 ms. To suppress super-radiant
Rayleigh scattering [10], both beams were linearly polar-
ized in the plane defined by the condensate axis and the
wave vector of the light.
The Bragg scattering of a trapped condensate was ana-

lyzed by switching off the magnetic trap 100 ms after the
end of the light pulse, and allowing the cloud to freely
evolve for 70 ms. During the free expansion, the den-
sity of the atomic cloud dropped and quasiparticles in the
condensate transformed into free particles and were then
imaged by resonant absorption imaging (Fig. 1). Bragg
scattered atoms were distinguished from the unscattered
atoms by their axial displacement. The speed of Bo-
goliubov sound at the center of the trapped condensate
is related to the velocity of radial expansion yr as cs !
yr"

p
2 [11] (cs ! 11 mm"s at m"h ! 6.7 kHz as shown

in Fig. 1). Thus, by comparing the axial displacement of
the scattered atoms to the radial extent of the expanded
condensate, one sees that the Bragg scattering recoil ve-
locity is smaller than the speed of sound in the trapped
condensate, i.e., the excitation in the trapped condensate
occurs in the phonon regime.
For comparison, Bragg scattering of free particles was

studied by applying a light pulse of equal intensity [12]
after allowing the gas to freely expand for 5 ms, during

which the atomic density was reduced by a factor of 23
and the speed of sound by a factor of 5 from that of
the trapped condensate. Thus, Bragg scattering in the
expanded sample occurred in the free-particle regime.
The momentum transferred to the atomic sample was

determined by the average axial position in time-of-flight
images. To extract small momentum transfers, the im-
ages were first fitted (in regions where the Bragg scattered
atoms were absent) to a bimodal distribution which cor-
rectly describes the free expansion of a condensate in the
Thomas-Fermi regime, and of a thermal component [13].
The chemical potential m of the trapped condensate was
determined from the radial width of the condensate dis-
tribution [11]. The noncondensate distribution (typically
less than 20% of the total population) was subtracted from
the images before evaluating the momentum transfer.
By varying the frequency difference v, the Bragg scat-

tering spectrum was obtained for trapped and for freely ex-
panding condensates (Fig. 2). The momentum transfer per
atom, shown in units of the recoil momentum h̄q, is anti-
symmetric about v ! 0 as condensate atoms are Bragg
scattered in either the forward or the backward direction,
depending on the sign of v [14].
From these spectra, we determined the total line strength

and the center frequency (Fig. 3) by fitting the momentum
transfer to the difference of two Gaussian line shapes, rep-
resenting excitation in the forward and the backward direc-
tion. Since S$q% ! 1 for free particles, we obtain the static
structure factor as the ratio of the line strengths for the
trapped and the expanded atomic samples. Spectra were
taken for trapped condensates at three different densities
by compressing or decompressing the condensates in the
magnetic trap prior to the optical excitation.
The Bragg resonance for the expanded cloud was cen-

tered at 1.54(15) kHz with an rms width of 900 Hz con-
sistent with Doppler broadening [15]. This frequency
includes an expected 160 Hz residual mean-field shift,

FIG. 2. Bragg scattering of phonons and of free particles.
Momentum transfer per particle, in units of h̄q, is shown vs
the frequency difference v"2p between the two Bragg beams.
Open symbols represent the phonon excitation spectrum for
a trapped condensate at a chemical potential m"h ! 9.2 kHz.
Closed symbols show the free-particle response of an expanded
cloud. Lines are fits to the difference of two Gaussian line
shapes representing excitation in the forward and backward
directions.

2877

P!k,!" =
p!k,!"
No"k

. !45"

The thus-measured P!k ,!" is indicated in Fig. 5 by
open circles, for k#=0.57. P!k ,!" is seen to be well ap-
proximated by the difference of two Gaussians. The Bo-
goliubov frequency is given by the average frequency of
S!k ,!". The resonance frequency is therefore taken as
the center value of one of the Gaussians from the fit to
p!k ,!".

The density dependence of the Bogoliubov frequency,
both in the phonon regime and in the free-particle re-
gime, were measured in two MIT experiments. The re-
sults of these experiments are shown in Figs. 3!b" and
6!a", respectively. The solid line in both figures is given
by Eq. !8" averaged in the LDA. As predicted by Eq. !8"
the quasiparticle energy is seen to increase with the
chemical potential, $=gn.

Figure 8 shows the measured excitation spectrum. The
filled circles are the measured resonance frequencies,
the solid curve is the LDA averaged Bogoliubov spec-
trum, using an independently measured value for $, and
without any free parameters. The dashed curve indicates
the free-particle parabola. The measured spectrum
shows a linear phonon regime for low k, and a parabolic
single-particle regime for high k. The excitations seen to
have the smallest value of ! /k are the phonons. There-
fore, by the Landau criterion, the superfluid critical ve-
locity vc is bounded by ! /k for the phonons.

A fit to the lower momentum part of the measured
spectrum gives the speed of sound for the condensate to
be ceff=2.0±0.1 mm sec−1, which is also the measured
upper bound for vc. This value is in good agreement with
the theoretical LDA value of 2.01±0.05 mm sec−1 from
Eq. !36". The line at 2%RTF

−1 indicates the excitation
whose wavelength is equal to the Thomas-Fermi radius
of the condensate in the axial direction. The measured
!!k" agrees with the LDA, even for k values approach-
ing this lower limit of the region of validity.

Since the spectral content of the pulse in Eq. !41" is
normalized, the integral of P!k ,!" over ! is equal to the
integral of S!k ,!" . S!k" is therefore given by

S!k" = 2!%&B
2 tB"−1# P!k,!"d! . !46"

All of the dependence on the Bragg beam parameters
is contained in the factors before the integral in Eq. !46".
Therefore, by using the same Bragg pulse for every mea-
surement, the integral in Eq. !46" can be used to make
relative measurements of S!k". In this way, the suppres-
sion of the response in the phonon regime was observed
in an MIT experiment, as shown in Fig. 5. The area of
the peak indicated by filled circles is proportional to
S!k", for atoms that are approximately free !low den-
sity". The area of the peak indicated by open circles is
proportional to S!k" in the phonon regime !high den-
sity". The thus-measured S!k" as a function of density is
shown in Fig. 3!a".

The filled circles in Fig. 9 are the measured values of
the static structure factor S!k", plotted vs k, given by Eq.
!46". The values shown have been increased by a factor
of 2.3 to give rough agreement with the LDA expres-
sion, Eq. !34", which is indicated by a solid line. The
required factor of 2.3 probably reflects inaccuracies in
the various experimental values needed to compute &R.
The open circles are computed from the Feynman-Bijl
relation, Eq. !29", using the measured values of !!k"
shown in Fig. 8.

For large k !short wavelength", S!k" approaches unity,
corresponding to noninteracting, uncorrelated atoms.
Since S!k" is always less than unity for the values of k
measured here, the density fluctuations are never
greater than in the uncorrelated case, thus confirming
the condensate’s gaseous nature.

In the measurements of Figs. 8 and 9, the time dura-
tion of the pulse was chosen such that the spectral con-

FIG. 8. The measured excitation spectrum !!k" of a trapped
Bose-Einstein condensate !filled circles": solid curve, the Bo-
goliubov spectrum with no free parameters, in the LDA for
$=1.91 kHz; dashed curve, the parabolic free-particle spec-
trum. For most points, the error bars are not visible on the
scale of the figure. From Steinhauer et al., 2002.

FIG. 9. The measured static structure factor and Bogoliabov
structure factor. The filled circles are the measured static struc-
ture factor, multiplied by an overall constant of 2.3 !Steinhauer
et al., 2002". Error bars represent 1' statistical uncertainty, as
well as the estimated uncertainty in the two-photon Rabi fre-
quency. The solid line is the Bogoliubov structure factor in the
LDA for $=1.91 kHz. The open circles are computed from the
measured excitation spectrum of Fig. 8 and the Feynman-Bijl
relation, Eq. !29". For the open circles, the error bars are not
visible on the scale of the figure. From Steinhauer et al., 2002.
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