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Abstract. We present the results of an experiment on light scattering from an elongated Bose-Einstein
condensate interacting with far off resonant laser light. Due to superradiant Rayleigh scattering a coherent
superposition of two atomic wavepackets with different momenta forms in the presence of a single laser
beam. Varying the intensity of a weak counterpropagating laser beam we observe the transition from the
pure superradiant regime to the Bragg scattering regime, where Rabi oscillations in a two-level system are
observed. The process is limited by the decoherence between the two atomic wavepackets.

PACS. 42.50.Fx Cooperative phenomena in quantum optical systems — 03.75.Gg Entanglement and de-

coherence in Bose-Einstein condensates

1 Introduction

Bose-Einstein condensates (BECs) of dilute atomic sam-
ples have proven to be important tools for the investi-
gation of fundamental aspects of quantum mechanics in
macroscopic systems [1]. In particular, the long range co-
herence and the extremely small momentum spread of a
BEC allow a detailed study of the effects of collective
atomic recoil in the interaction with far off resonant light.
The spontaneous formation of a regular density grating in
a BEC was first observed in superradiant Rayleigh scat-
tering experiments [2], and then used as the gain process
in the amplification of matter waves [3]. This effect is the
same as the one observed in collective atomic recoil las-
ing (CARL) [4]. The matter wave grating is the result of
the coherent superposition of different atomic momentum
states, similar to the one produced in Bragg scattering
experiments in which matter is diffracted by a standing
wave of light [5]. In all these experiments the coherence in
the atomic superposition plays a crucial role. Effects, such
as spontaneous emission, inhomogeneous broadening and
collisions in the atomic sample, may destroy the coherence
in the matter wave field and seriously inhibit the super-
radiant process [6]. In this paper we show the transition
from superradiance to Bragg scattering in the presence of
a weak optical grating.

The experiment is performed with an elongated 8"Rb
BEC exposed to an off-resonant laser pulse (pump beam)
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Fig. 1. Schematics of superradiant light scattering from a
Bose-Einstein condensate. An elongated BEC is illuminated by
a far off-resonant laser beam (pump beam) with frequency w
and wavevector k directed along its axial direction. After
backscattering of photons with ks, ~ —k and the subsequent
recoil of atoms, a matter wave grating forms, due to the quan-
tum interference between the two momentum components of
the wavefunction of the condensate. The effect of this grat-
ing is to further scatter the incident light in a self-amplifying
process.

directed along the condensate symmetry axis (see Fig. 1).
The laser is far detuned from any atomic resonance, so
that resonant absorption is suppressed and the only scat-
tering mechanism present is Rayleigh scattering [2]. In
an elongated condensate a preferential direction for the
scattered photons emerges, causing superradiant Rayleigh
scattering. In this regime the atoms, initially scattered
randomly, interfere with the atoms in the original mo-
mentum state creating a matter-wave grating with the
right periodicity to further scatter the laser photons in the
same mode. Both the matter-wave grating and the scat-
tered light are then coherently amplified. This process is
more efficient along the direction where the condensate is
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elongated, therefore, in our geometry, photons are back-
scattered with ks. ~ —k, where k is the wave-vector of
the laser photon, and the atoms gain a recoil momentum
2hk. The efficiency of the process, arising from the self-
bunching of the matter-wave field, is limited by the de-
coherence between the original and the recoiled atomic
wavepackets, causing damping of the matter-wave grat-
ing. In a recent paper [7] we presented preliminary re-
sults on the influence of the external atomic motion on
decoherence in superradiant Rayleigh scattering. In the
experiment described in this paper we stimulate the su-
perradiant amplification with a counterpropagating laser
field (seed beam) at the right frequency to induce stimu-
lated Bragg transitions between the two momentum states
involved in the superradiant process. When the Rabi fre-
quency of the stimulated process is larger than the su-
perradiant gain, the dynamics of the system is completely
dominated by Rabi oscillations. In this paper we present
experimental results on the transition from the superradi-
ant regime to the Bragg scattering regime, in full agree-
ment with the theoretical model introduced in [8].

The paper is organized as follows. In Section 2 we
present the experimental set-up while in Section 3 we dis-
cuss the experimental results in the frame of the CARL
theory.

2 Experimental set-up

We produce a cigar-shaped BEC of 8"Rb in a Ioffe-
Pritchard magnetic trap by means of RF-induced evap-
orative cooling. The axial and radial frequencies of the
trap are w, /27 = 8.70(7) Hz and w, /27 = 90.1(4) Hz
respectively, with the z-axis oriented horizontally. After
the end of the evaporation the trap is suddenly switched
off and the cloud expands and falls down under the ef-
fect of gravity (see Fig. 2). After 2 ms of free expansion,
when the magnetic trap field is completely switched off
and the atomic cloud still has an elongated shape (at this
time the radial and axial sizes of the condensate are typi-
cally 10 and 70 um, respectively), a square pulse of light
is applied along the z-axis.

The condensate is illuminated by a pump laser with
frequency w and intensity I and, in some experiments, by
a counterpropagating seed beam with frequency ws and
intensity Iy = nl. The duration of the two laser pulses is
controlled by two independent acousto-optic modulators,
driven by two different phase-locked radiofrequencies in
order to provide a stable frequency difference 6 = w — w;.
We set the frequency difference between the two beams
w — ws = dwpr to be resonant with the Bragg transition
for the condensate with initial momentum pg = 0, with
wr = hk?/2m ~ 27 3.77 kHz the recoil frequency of a ru-
bidium atom. The two beams are derived from the same
Ti:Sapphire laser which is red-detuned Ag = 15 GHz away
from the rubidium D2 line at A = 780 nm. The pump beam
typically has an intensity I ~ 0.9 W/cm?. The seed beam,
when present, has a much weaker intensity, from 107> to
1073 of the pump beam intensity. The linearly polarized
laser beams are collimated and aligned along the z-axis
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Fig. 2. Sketch of the experimental procedure. The conden-
sate is released from the magnetic trap with initial momentum
po = 0 and falls down under the effect of gravity (A). We flash
the atoms with far off resonance laser light (pump and seed
beams) directed along the condensate symmetry axis (B). Af-
ter an expansion time allowing a complete separation of the
momentum components po and po + 2hk (28 ms) we take an
absorption image of the atoms (C).

of the condensate. The size of the laser beams is larger
than 0.5 mm, far larger than the distance covered by the
condensate during the interaction with light. In this ge-
ometry the superradiant process causes the pump light to
be backscattered and the self-amplified matter-wave prop-
agates in the same direction as the incident light. In pres-
ence of seeding we expect the backscattered light to have
the same frequency ws. = w; of the seed beam. Setting up
the experiment we carefully avoided unwanted reflections
of the pump beam in the same direction of the seed beam.
To this aim the laser beams have been aligned at a nonzero
angle with respect to the normal to the vacuum cell win-
dows where the BEC is produced. After an expansion of
28 ms, when the two momentum components are spatially
separated, we take an absorption image of the cloud along
the horizontal radial direction. In Figure 2C we show a
typical absorption image in which the left peak is the con-
densate in its original momentum state pg and the right
peak is formed by atoms recoiling after the superradiant
scattering at pg + 2hk. The spherical halo centered be-
tween the two density peaks is due to non-enhanced spon-
taneous processes, i.e. random isotropic emission follow-
ing the absorption of one laser photon [2]. From a 2D-fit
of the pictures, assuming a double Thomas-Fermi density
distribution, we extract the number of atoms in both the
original and the recoiled peaks. We study the population
in the two momentum states as a function of the duration
of the laser pulse for various experimental conditions.

3 Experimental results

We observe the transition from the Bragg scattering
regime to the superradiant regime by varying the intensity
ratio n = I /T of the seed beam to the pump beam.

In Figure 3 we show the evolution of the population
in the original momentum state py = 0 as a function of
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Fig. 3. Time evolution of the population in the original mo-
mentum state po = 0 for a BEC interacting with an off-
resonant pump beam and a counterpropagating weak seed
beam (resonant with the Bragg transition w — ws = 4wpr) for
different seed beam intensities I, = nI. The laser detuning and
intensity are 15 GHz and 0.9 W/cm? respectively. As the seed
intensity decreases (from top to bottom) the response of the
system goes from the Bragg scattering regime to the pure su-
perradiant regime. The solid lines in figures A, B, C, D are
obtained from the numerical integration of equations (1-3). In
figure E the solid line is a fit to the data using equation (4).

the pulse length for several values of the seeding param-
eter n from 0 to 1.1 x 1073, With our experimental pa-
rameters we observe only two momentum components in
the expanded cloud, so that we can use the two-level ap-
proximation as in [8]. The data in Figure 3A correspond
ton = 1.1 x 1073, In this case the population performs
a weakly damped Rabi oscillation caused by Bragg tran-
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sitions between the two momentum states py = 0 and
p = 2hk. Reducing the seed beam intensity, this oscillation
becomes strongly damped and starts to show an asymmet-
ric shape (Figs. 3B, 3C and 3D). Eventually, when the seed
beam is absent (Fig. 3E), the population in the original
momentum state slowly decays to a stationary value.
This observed dynamics is well accounted for by a the-
oretical model based on the CARL-BEC equations [7]:

ds

D gAw — 1

o = gAW — 45 (1)
dw
— = ~29(AS" + h.c) (2)
dA

—= = gNS +iAA — 5(A — ), 3)

where ¢ is an effective coupling coefficient, k =~ ¢/2L (L
is the condensate length) is the field loss coefficient, S
represents half of the amplitude of the matter wave grat-
ing, W is the population fraction difference between the
two atomic states, A and A;, are the slowly varying am-
plitudes of the scattered and seeding fields respectively,
A = w — wg — dwpg is the detuning from the Bragg res-
onance with the scattered field and y is the decoherence
rate.

In absence of the seed beam the model gives an analyt-
ical solution in the form of a hyperbolic tangent describing
the depletion in the original momentum state due to the
superradiant scattering

Pt L (- 2) {1 o2 459}
(4)

The continuous line in Figure 3E is the fit of this func-
tion to the experimental data, giving the values G =
30.8(3.5) ms~! for the superradiant gain, v = 6.4(9) ms~!
for the decoherence rate of the atomic superposition and
to = 0.26(1) ms for a phenomenological delay time as best
parameters. The dotted line is instead the result of the
full numerical integration of equations (1-3). In this case
we have introduced for A;, a noise field with frequency
ws = w to trigger the onset of the superradiant amplifi-
cation [8-10]. We have chosen the amplitude of this in-
jected field to be Iy = 70 pW/cm?, corresponding to
Ny = 7.8 x 107°, in such a way to obtain the best agree-
ment with the experimental data. We define this value
of the intensity as the “equivalent input noise” for this
experimental set-up.

In the presence of the seed beam the system may un-
dergo stimulated Bragg transitions between the two mo-
mentum states p = 0 and p = 2hk. When the intensity of
the seed beam is much larger than the peak of the superra-
diant intensity, this effect is dominant and the population
oscillates at the Rabi frequency of the two-photon transi-
tion. In the intermediate regime, when the intensities of
the two beams are very unbalanced (n ~ 107%), the dy-
namics of the system is driven by the interplay between
the two processes, resulting in asymmetric oscillations in
which the depletion of the original momentum state is
faster than its repopulation. The continuous lines in Fig-
ures 3A, 3B, 3C and 3D are the results of the numerical
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integration of equations (1-3) using the parameters G,~y
obtained in absence of seeding. The comparison between
the curves and the experimental points confirm the valid-
ity of the theoretical model in describing this intermediate
regime.

We would like to discuss the role played by the presence
of some backscattered light in our set-up. In an experimen-
tal apparatus it is very difficult to avoid the presence of
light backreflected by the vacuum cell windows. In par-
ticular, considering the 1D geometry of our experiment,
if some counterpropagating light exists, this could cause
off-resonant stimulated Bragg scattering of atoms in the
same direction and with the same transfer of momentum
2hk as the superradiant process but with a frequency of
the backscattered light ws = w. This mechanism would
actually mask the effect of a pure superradiant scattering.
Indeed, in our experimental set-up we detected the back-
diffusion of a small amount of light, caused by the poor
quality of the cell windows. We estimated the magnitude
of this light by directly measuring with a power-meter the
intensity backscattered collinearly to the pump light. This
intensity is 7 x 1076 W /cm?, corresponding to ~ 8 x 107°
of the pump intensity. This observation confirms that, in
all the experiments described above, we should take into
account the presence of some counterpropagating light at
the same frequency w of the pump and a relative intensity
of ~107°.

4 Conclusions

In conclusion, we have experimentally studied superradi-
ant light scattering from an elongated Bose-Einstein con-
densate. In the experiment, performed adding a counter-
propagating beam, we have explored the transition from
the pure superradiant regime to the Rabi oscillations
regime induced by stimulated Bragg scattering. We give
an analytical expression for the limiting case of pure su-
perradiance. In the intermediate regime we have resorted
to a numerical integration of the full system of equations.

The fully quantized version of the CARL-BEC model
offers the possibility of investigating the realisation
of macroscopic atom-atom or atom-photon entangle-
ment [11,12]. The results obtained in this work represent
a step in this direction.

The European Physical Journal D

We are deeply indebted to Rodolfo Bonifacio, Mary Cola and
Nicola Piovella for strong theoretical support. This work has
been supported by the EU under Contracts No. HPRI-CT-
1999-00111 and HPRN-CT-2000-00125, by the INFM Pro-
getto di Ricerca Avanzata “Photon Matter” and by the MIUR
through the PRIN project “Coherent interaction between ra-
diation fields and Bose-Einstein condensates”.

References

1. See for example Bose-FEinstein Condensation in Atomic
Gases, edited by M. Inguscio, C.E. Wieman, S. Stringari
(I0S Press Amsterdam, Oxford, Tokyo, Washington, 1999)

2. S. Inouye, A.P. Chikkatur, D.M. Stamper-Kurn, J.
Stenger, D.E. Pritchard, W. Ketterle, Science 285, 571
(1999); D. Schneble, Y. Torii, M. Boyd, E.W. Streed, D.E.
Pritchard, W. Ketterle, Science 300, 475 (2003)

3. M. Kozuma, Y. Suzuki, Y. Torii, T. Sugiura, T. Kuga,
E.W. Hagley, L. Deng, Science 286, 2309 (1999); S. Inouye,
T. Pfau, S. Gupta, A.P. Chikkatur, A. Gorlitz, D.E.
Pritchard, W. Ketterle, Nature 402, 641 (1999)

4. R. Bonifacio, L. De Salvo, Nucl. Instrum. Meth. Phys.
Res. A 341, 360 (1994); R. Bonifacio, L. De Salvo, L.M.
Narducci, E.J. D’Angelo, Phys. Rev. A 50, 1716 (1994)

5. J. Stenger, S. Inouye, A.P. Chikkatur, D.M. Stamper-
Kurn, D.E. Pritchard, W. Ketterle, Phys. Rev. Lett. 82,
4569 (1999); M. Kozuma, L. Deng, E.W. Hagley, J. Wen,
R. Lutwak, K. Helmerson, S.L. Rolston, W.D. Phillips,
Phys. Rev. Lett. 82, 871 (1999)

6. T. Gasenzer, J. Phys. B: At. Mol. Opt. Phys. 35, 2337
(2002)

7. R. Bonifacio, F.S. Cataliotti, M. Cola, L. Fallani, C. Fort,
N. Piovella, M. Inguscio, Opt. Comm. 233, 155 (2004)

8. R. Bonifacio, F.S. Cataliotti, M. Cola, L. Fallani, C. Fort,
N. Piovella, M. Inguscio, J. Mod. Opt. 51, 785 (2004)

9. S. Inouye, R.F. Low, S. Gupta, T. Pfau, A. Gorlitz, T.L.
Gustavson, D.E. Pritchard, W. Ketterle, Phys. Rev. Lett.
85, 4225 (2000)

10. N. Piovella, M. Gatelli, R. Bonifacio, Opt. Commun. 194,
167 (2001)

11. M.G. Moore, O. Zobay, P. Meystre, Phys. Rev. A 60, 1491
(1999)

12. N. Piovella, M. Cola, R. Bonifacio, Phys. Rev. A 67,
013817 (2003)



