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Abstract. Two sets of studies concerning the interaction
of off-resonant light with a sodium Bose–Einstein conden-
sate are described. In the first set, properties of a Bose–
Einstein condensate were studied using Bragg spectroscopy.
The high momentum and energy resolution of this method
allowed a spectroscopic measurement of the mean-field en-
ergy and of the intrinsic momentum distribution of the
condensate. Depending on the momentum transfer, both
the phonon regime as well as the free-particle regime
could be explored. In the second set of studies, the cigar-
shaped condensate was exposed to a single off-resonant
laser beam and highly directional scattering of light and
atoms was observed. This collective light scattering was
caused by the long coherence time of the quasi-particles in
the condensate and resulted in a new form of matter wave
amplification.

PACS: 03.75.Fi; 32.80.Pj

What does a trapped Bose–Einstein condensate look like?
More precisely, how does it interact with light, and does this
differ fundamentally from what one would naively expect
from a similar collection of very cold atoms? The experi-
ments reviewed here all study off-resonant light scattering
from a condensate, either spontaneously (i.e. Rayleigh scat-
tering) or when stimulated by a second laser beam (i.e. Bragg
spectroscopy). Light scattering imparts momentum to the
condensate and creates an excitation which can be either
a phonon or a free particle. A detailed study of the scattered
light [1, 2], should therefore reveal a detailed picture of the
Bose–Einstein condensate similar to the case of superfluid
helium, where neutron scattering was used to obtain the spec-
trum of elementary excitations [3].

Since the light scattered from a typical 107-atom conden-
sate is hard to detect, we used a second laser beam stimu-
lating the scattering of light with a frequency and direction,
which was pre-determined by the laser beam rather than post-
determined by analyzing scattered light. This scheme, which
we call Bragg Spectroscopy, establishes a high-resolution

spectroscopic tool for Bose–Einstein condensates which is
sensitive to the momentum distribution of the trapped con-
densate as well as the mean-field energy shift [4, 5]. We
studied Bragg scattering in two regimes differing by the
amount of momentum transfer. For large momentum excita-
tions (free-particle regime) the resonance showed a Doppler
broadening due to the zero-point motion of the conden-
sate and a line shift and broadening due to the interactions
within the condensate [4]. The observed Doppler broaden-
ing was consistent with the expected Heisenberg-uncertainty
limited momentum distribution of a condensate with a coher-
ence length equal to its physical size. For small momentum
excitations (phonon regime) the light scattering rate was sig-
nificantly reduced, providing evidence for the presence of
correlated momentum excitations in the many-body conden-
sate wavefunction [5].

More generally, Bragg spectroscopy can be used to de-
termine the dynamic structure factorS(q, ν) over a wide
range of frequenciesν and momentum transfersq [6]. In
contrast, the conventional imaging techniques like time-
of-flight imaging or phase contrast imaging are not sen-
sitive to the momentum distribution of a trapped conden-
sate [7]. The spatial density distribution of the trapped con-
densate can be resolved in phase contrast imaging, and the
momentum distribution of the atoms after being released
from the trap can be imaged in time-of-flight. This mo-
mentum distribution, however, predominantly results from
the released mean-field energy but not from the zero-point
motion.

In a second set of studies we found that scattering of a sin-
gle beam of light from the condensate led to a new process
– self stimulated Rayleigh scattering – above a low threshold
intensity [8]. We observed pulses of scattered light emanating
from the ends of the condensate, establishing that this pro-
cess is a new form of superradiance which occurs because the
recoiling atoms remain coherent with the unscattered atoms,
forming a matter wave grating which scatters subsequent pho-
tons in the same direction.

The two sets of studies shall be discussed in more detail in
the following.
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1 Bragg spectroscopy

Bragg spectroscopy was realized by exposing the condensate
to two off-resonant laser beams with a frequency differenceν.
The intersecting beams formed a moving interference pattern
from which atoms could scatter when the Bragg condition
was fulfilled (i.e. energy and momentum were conserved).
The momentum transferq and energy transferhν are given by
q= 2hk sin(ϑ/2), whereϑ is the angle between the two laser
beams with wave vectork. The process can also be driven
in Nth order involving 2N photons, but only the first order
shall be considered here. The Bragg scattering process can be
thought of as the absorption of a photon from one laser beam
and stimulated scattering into the second laser beam, and can
be considered as the stimulated analog of neutron scattering
which is used to study liquid helium.

The excitation spectrum for a weakly interacting homoge-
neous condensate at densityn has the Bogoliubov form [9]

ν =
√
ν2

0+2ν0nU/h , (1)

wherenU = n4πh2a/m is the chemical potential, witha and
m denoting the scattering length and the mass, respectively,
andhν0 = q2/2m. For excitation energies much smaller than
the chemical potential the excitation spectrum is phonon-
like, obeyinghν = cq, wherec= √nU/m is the speed of
sound [9]. For energieshν� nU the spectrum is particle-
like, obeyinghν = hν0+nU.

The spectroscopic line shapeI(ν) in the case of free-
particle excitation in a homogeneous condensate would be
a sharp peak. For a trapped condensate, however, the inho-
mogeneity of the density distribution broadens the peak. For
our parabolic trapping potential the normalized density dis-
tribution reads(15n/4n0)

√
1−n/n0, wheren0 denotes the

peak density. The simplest model for the spectroscopic line-
shapeIn(ν) assumes that a volume element with local density
n leads to a line shiftnU/h:

In(ν)∼ h(ν− ν0)

n0U

√
1− h(ν− ν0)

n0U
, (2)

which has an average value (first moment) of 4n0U/7h and
a rms-width of∆νn =√8/147n0U/h.

The observed line shape also depends strongly on the mo-
mentum distribution, since for a particle with momentump
the resonance frequency is Doppler-shifted byqp/mh. The
expected momentum distribution for a condensate trapped in
a harmonic oscillator potential is given by the squared Fourier
transform of the density distribution [10]. This results in a line
shape which can be approximated by a Gaussian with an rms-
width

∆νp= 1.699/2πmx0 . (3)

This width is inversely proportional to the condensate sizex0
(Thomas-Fermi radius) and does not depend explicitly on the
number of atoms.

In our experiments the broadening mechanisms repre-
sented by (2) and (3) have to be combined. While the exact
calculation of the line shape requires detailed knowledge of
the excitation wavefunctions, the total line shift (first mo-
ment) and rms-width can be calculated using sum rules and

Fermi’s Golden Rule. Thus, it can be rigorously shown that
the total line shift remains 4n0U/7h, while the rms-width
∆ν =

√
∆ν2

n+∆ν2
p is the quadrature sum of the mean-field

and the Doppler widths [11].
In our experiment a weak laser beam, with a frequency

of 1.7 GHz red-detuned from the sodium 3S1/2F= 1→
3P3/2F= 0,1,2 transition, was split into two beams in order
to form the two Bragg beams [4, 12]. The beams were sent
through two acousto-optical modulators driven at80 MHz,
but with a frequency difference corresponding to a recoil en-
ergy q2/2m, of around100 kHz when q= 2hk. The laser
beams were overlapped in a counterpropagating configu-
ration, oriented in the radial direction of the cigar-shaped
condensate, which was produced as in previous studies [13].

Figure 1 shows typical spectra, taken both for a trapped
condensate and after3 mstime of flight when the mean-field
energy was fully converted into kinetic energy. Plotted is
the relative number of Bragg-scattered atoms versus the fre-
quency difference of the two Bragg beams (including an off-
set ofν0= 100 kHz). The rms-width of the resonance for the
ballistically expanding cloud is20 kHz, which is much nar-
rower than the65-kHz-wide distribution of a thermal cloud
at 1µK, a typical value for the BEC transition temperature
under our conditions. The spectra for the thermal cloud and
the expanding condensate correspond to the spatial distribu-
tions observed by absorption imaging after sufficiently long
time of flight. With this technique, the BEC transition is indi-
cated by a sudden narrowing of the time-of-flight distribution
by a factor of three. Using Bragg spectroscopy, the signature
of BEC is much more dramatic – the condensate resonance is
more than thirty times narrower than of the thermal cloud, and
indeed narrower than that of the ground state of a single atom
in the trap.

The resonance of the trapped condensate was studied as
a function of the condensate density and size. Figure 2a
demonstrates the linear dependence of the frequency shift
on the density. The slope of the linear fit corresponds to
(0.54±0.07) n0U/h, in excellent agreement with the predic-
tion of 4n0U/7h. Figure 2b shows the observed line width
as function of the density. Figure 2c shows the line width as
function of the condensate size after subtracting the mean-
field broadening and an estimated experimental broadening
(0.5 kHz) due to acoustic noise and the finite duration of the
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Fig. 1. Bragg resonances for a trapped condensate (circles) and after3 ms
time of flight (triangles). For comparison, the momentum distributions of
the ground state of the trapping potential (dots) and of a1-µK cold, thermal
cloud (dashes) are indicated
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Bragg pulse. The dashed line corresponds to a Heisenberg un-
certainty limit in agreement with the expectations from (3),
which demonstrates within our experimental uncertainties,
that the coherence length of the condensate equals its phys-
ical size. In particular, our measurements indicate that the
condensate does not have phase fluctuations, i.e. that it does
not consist of smaller quasi-condensates with disjoint relative
phases.

So far we have described Bragg spectroscopy of a Bose–
Einstein condensate with a momentum transfer of two photon
recoils, corresponding to a energy transferhν0 = h100 kHz
which is much larger than the chemical potentialn0U/h <
10 kHz. This is the particle regime (recoil velocity greater
than speed of sound) where the line width mainly reflects the
momentum distribution of individual atoms, modified by the
mean-field energy.
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Fig. 2a–c. Bragg spectroscopy of a trapped condensate. Line shifts and
widths are shown for various densities and sizes of the condensate using
two different radial trapping frequencies,νr = (195±20)Hz (circles), and
νr = (95±20)Hz (triangles). The lines inb show the contributions of the
mean-field energy (dashed), due to the finite size (dotted, for both trapping
frequencies), and their quadrature sum (solid lines). c displays the width
after subtraction of the contributions of the mean-field and the finite pulse
duration and compares it with the prediction for the momentum uncertainty
due to the finite size. The error bars are 1σ errors of the Gaussian fits to the
data

For small momentum transferq with q2/2m� n0U, the
condensate responds collectively and density perturbations
propagate as phonons at the speed of Bogoliubov sound. The
line shape at this small momentum transfer is dominated by
the (inhomogeneous) mean-field energy and by phonon-like
collective excitations. We have recently applied the Bragg
beams at an angle of14◦, resulting inq2/2m= h×1.5 kHz,
well in the phonon regime [5]. The chosen momentum trans-
fer corresponds to a reduced phonon wavelength (0.4µm)
much smaller than the condensate size (> 20µm). This al-
lows us to approximate the expected line shape using the
Bogoliubov description of an interacting homogeneous Bose–
Einstein condensate [14]. The parabolic density distribution
of the trapped condensate can be included by a local dens-
ity approximation leading to the line-center frequency being
proportional to the square root of the density:

νres-phonon= 32

15π

√
2ν0n0U/h , (4)

compared to

νres-free= ν0+ 4

7

n0U

h
(5)

in the free-particle regime.
This behavior was indeed observed when the chemical po-

tential was varied from0–10 kHzby changing the density of
the condensate. Perhaps more importantly, the line strength
was observed to be significantly smaller in the phonon regime
than in the free-particle regime, providing striking evidence
for the presence of correlated momentum excitations in the
many-body condensate wavefunction. The normalized line
strength is given by the static structure factorS(q). In the
phonon regime, it is reduced toS(q) ≈ q/mc< 1 compared
to S(q)= 1 in the free particle regime. These results are dis-
cussed in more detail in [5].

2 Rayleigh scattering

In the second set of studies we investigated the response of
the condensate to a single, off-resonant laser beam [8]. The
experimental setup was like the one used for Bragg spec-
troscopy, but with only one of the laser beams.

When the linear polarization of the light was chosen in
the direction of the long axis of the condensate, just Rayleigh
scattering was observed, as illustrated in Fig. 3b–d. A dra-
matic change occurred, when the polarization of the light
was chosen perpendicular to this axis and when the inten-
sity exceeded a threshold value of around1 mW/cm2. As
shown in Fig. 3e–f, the recoiled atoms were now ejected at
an angle of45◦ relative to both the long axis of the con-
densate and the direction of the incoming light. This effect
can be understood as follows: When a condensate is exposed
to a laser beam with wavevectork0 and scatters a photon
with wavevectorki , an atom (or quasi-particle) with recoil
momentumhK j = h(k0−ki ) is generated. The presence of
the recoiling atom constitutes a “memory” of the scatter-
ing and affects subsequent scattering events by interfering
with the condensate at rest. This leads to a matter wave grat-
ing of wavevectorK j , which diffracts the laser beam into
the phase-matching directionki (= k0− K j ). This diffraction
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Fig. 3a–g. Observation of superradiant Rayleigh scattering.a A cigar-
shaped condensate is illuminated with a single off-resonant laser beam.
Collective scattering leads to photons scattered predominantly along the
axial direction, and atoms at45◦. b–g Absorption images after20 mstime-
of-flight show the atomic momentum distribution after exposure of the
atoms to a laser pulse of variable duration. When the polarization is par-
allel to the long axis, superradiance is suppressed, and normal Rayleigh
scattering was observed (b–d). For perpendicular polarization, directional
superradiant scattering of atoms was observed (e–g), and evolved to re-
peated scattering for longer laser pulses (f , g). The pulse durations are25µs
(b), 100µs (c, d), 35µs (e), 75µs (f ), 100µs (g). The field of view of each
image is 2.8×3.3 mm. The scattering angle appears to be larger than45◦
due to the angle of observation. All images use the same gray scale except
for (d), which enhances the small signal of Rayleigh scattered atoms inc

is a self-amplifying process because every diffracted pho-
ton creates another recoiling atom which increases the am-
plitude of the matter wave grating. The observed emission
of atoms at an angle of45◦ originates from a recoil from
the photon absorption process followed by a perpendicu-
lar emission of a photon along the condensate’s long axis.
An argument for this directionality of the emission is given
below.

A more quantitative description for the matter wave am-
plification can be found quantum-mechanically. The basic
Hamiltonian for Rayleigh scattering contains a sum of terms
ga†i A† j Akal which can be regarded as four-wave mixing
between two Schrödinger waves(Aj , Ak) and two electro-
magnetic waves(ai ,al). When, as is the case here, the light
escapes so rapidly that the average number of photons in the
system is much smaller than one, but the recoiling atoms
remain in the volume of the condensate long after the scatter-
ing (the recoil velocity of sodium is 10 orders of magnitude
slower than the speed of light), the transition rate is propor-
tional to (Nj +1), whereNj is the number of atoms in the
final statej . The growth rate ofNj can be obtained by using
Fermi’s Golden Rule and including a phenomenological loss

term Lj :

Ṅj = (R N0
sin2 θj

8π/3
Ωj ) (Nj +1)− Lj Nj

= Gj (Nj +1)− Lj Nj . (6)

Here,R denotes the rate for single-atom Rayleigh scattering,
the angular term reflects the dipolar emission pattern with
θj being the angle between the polarization of the incident
light and the direction of emission, andΩj is the solid angle
over which the phase-matching condition is fulfilled. The loss
rateLj predominantly arises from the decoherence of the re-
coiled atoms which leave the condensate after approximately
1/Lj ≈ 35µs, limiting the memory time of the condensate for
the matter wave grating.

It is the solid angleΩj which leads to the directionality of
the amplified emission relative to the dipole pattern of spon-
taneous Rayleigh scattering. In our cigar-shaped condensate
(aspect ratio about ten) the probability for emission of a sub-
sequent photon into the same mode as a previous photon is
highest along the long axis of the condensate, hereΩ ∼ λ2/A
is largest, since the geometrical projection of the condensate
along this direction leads to the smallest cross-sectional area
A (λ denotes the optical wavelength). This causes superradi-
ance for photons emitted in this direction. The angular term
in (6) containingθj explains the suppression of the superradi-
ance when the polarization of the light is parallel to the long
axis of the condensate.

The scattered light was directed onto a CCD camera in
order to verify its directional emission (Fig. 4a). The cam-
era was positioned out of focus of the imaging system, so
that the images represent the angular distribution of photons
emitted around the axial direction. The images consist of
bright spots with an angular width equal to the diffraction
limit for a source with a diameterd∼ 14µm. Typical images
showed several spots, and their pattern changed randomly
even under the same experimental conditions. The observa-
tion of several spots is consistent with the geometric angle
d/l , the ratio of the diameterd and the lengthl , being larger
than the diffraction angleλ/d, which leads to multimode
emission.

By replacing the camera with a photomultiplier, a time-
resolved measurement of the scattered light intensity was
obtained (Fig. 4b). Simple Rayleigh scattering would give
a constant signal during the square-shaped laser pulse. In-
stead we observed a fast rise consistent with a stimulated
process followed by a subsequent decay as the gain de-
creases in part due to the depletion of the condensate at
rest.

The inset in Fig. 4b shows the time evolution of the second
sequential process, corresponding to Fig. 3f or g, respectively.
Subsequent emission occurs when the number of atoms hav-
ing absorbed/scattered one pair of photons is large enough,
so that the gain in this now moving part of the condensate
overcomes the loss. Indeed, the observed onset of the sec-
ond sequential process is delayed relative to the timing of
the first scattering process, as shown in the inset in Fig. 4b.
Subsequent four-wave mixing between matter waves [15] or
stimulated Raman scattering may couple the different recoil
modes and affect the observed distribution of atoms.

The observed effect of coherent directional emission of
atoms, caused by superradiant Rayleigh scattering, can be
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Fig. 4a–c.Observation of directional emission of light.a The angular pat-
tern of the emitted light along the axial direction showed a few bright
spots with an angular width corresponding to the diffraction-limited angle
of an object of about14µm in diameter. The images were integrated over
the entire duration of the light pulse. Thewhite circle indicates the aper-
ture of the imaging system.b The temporal evolution of the light intensity
showed a strong initial increase characteristic of a stimulated process. For
higher laser power, the pulse was shorter and more intense. The laser in-
tensities were3.8 mW/cm2 (solid line), 2.4 mW/cm2 (dashed line), and
1.4 mW/cm2 (dotted line). The laser pulse duration was550µs. The inset
shows a double peak in the temporal signal when the laser intensity was
about15 mW/cm2, which was above the threshold for a second-order pro-
cess.c The dependence of the inverse initial rise time vs. laser power shows
a threshold for the stimulated process. Thesolid curveis a straight-line fit

compared to the case of the “coherence-brightened laser”
as discussed by R.H. Dicke [16]. He describes an elon-
gated radiating system of initially incoherently electroni-
cally excited atoms, and shows that this system realizes
a laser in which the amplification is provided by elec-
tronic coherence even in the absence of mirrors to pro-
vide optical feedback. The key feature of this superradiance
(or superfluorescence) [17] is that spontaneous emission is
not a single-atom process, but a collective process of all
atoms, leaving the atoms in a coherent superposition of
ground and excited states which leads to a large dipole
moment [16].

The phenomenon described in this paper is fully analo-
gous: the condensate at rest “pumped” by the off-resonant
laser corresponds to the electronically excited state in nor-
mal superradiance. It can decay by a spontaneous process
to a state with photon recoil (corresponding to the ground
state). The rate of superradiant emission in Dicke’s treatment
is proportional to the square of an oscillating macroscopic
dipole moment. In the present case, the radiated intensity
is proportional to the square of the contrast of the matter
wave interference pattern between the condensate and the
recoiling atoms. In both cases, the initial emission of light
shows the single atom dipole pattern, but the greater solid
angle of the “end-fire” modes in a highly elongated system
gives them higher gain, leading to highly directional emis-
sion subsequently. One fundamental difference, however, is
the occurance of sequential processes, which led to the “cas-
cade” of recoiled atoms (Fig. 3f) and to the delayed emission
of photons (inset in Fig. 4b).

3 Summary

The studies presented in this paper investigated the response
of a Bose–Einstein condensate to one or two off-resonant
laser beams. In both cases surprising effects could be ob-
served due to the high temporal and spatial coherence of
the condensate. The superior Doppler sensitivity of Bragg
spectroscopy enabled the detection of sub-mm/s atomic vel-
ocities. Studied with this high resolution, the momentum
distribution of the atoms was observed to depend inversely
on the size of the condensate, demonstrating that its coher-
ence length corresponds to its physical size. The strength
of the Bragg spectroscopic signal (number of atoms receiv-
ing momentum) was found to be dramatically reduced in
the phonon regime, showing that atoms in the Bose–Einstein
condensate interact collectively, and weakly, with the light
under these circumstances. When illuminated by a single
laser beam, the long coherence time of the condensate led
to a new form of superradiance – stimulated amplification of
the number of recoiled atoms, with corresponding emission
of Rayleigh scattered light in the direction of the long axis
of the condensate. The low threshold for this effect should
be considered in all experiments using optical probing and
manipulation of Bose–Einstein condensates with off-resonant
light.
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