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Collective atomic recoil in a moving Bose-Einstein condensate:
From superradiance to Bragg scattering
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We present the results of an experiment on light scattering from an elongated Bose-Einstein condensate
(BECQ) interacting with a far-off-resonant pump laser. By collective atomic recoil la€B%RL) a coherent
superposition of two atomic wave packets with different momenta is created. 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 wave packets. In the superradiant regime the experiment gives evidence
of a contribution to decoherence which depends on the initial velocity of the condensate. The system is
described by the CARL-BEC model, which is a generalization of the Gross-Pitaevskii model to include the
self-consistent evolution of the scattered field and a phase-diffusion decoherence process, which accounts for
the observed damping.
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I. INTRODUCTION sorption is suppressed and the only scattering mechanism
sose-Cinsein condensate9ECs) of dite aomic DTS AV soalenl 1 an sngeted concensate
samples have proven to be important tools for the investiga- P P ges,

tion of fundamental aspects of quantum mechanics in macgausingl s_uperradiant Rayleigh scat;ering. In this regime the
roscopic systemL]. In particular, the long-range coherence gtoms, n_wlpally scattered randomly, |n.terfere with the atoms
and the extremely small momentum spread of a BEC allow in the original momentum state, creating a matter-wave grat-

detailed study of the effects of collective atomic recoil in the'tgﬂsv\?r:ht;zesgﬂg ggé%d'gzﬁggr:}:‘:&:ﬁj\;;i’éth?alt?nse;ﬂzot'he
interaction with far-off-resonant light. The spontaneous for- ’ 9 9

mation of a regular density grating in a BEC, arising from ascattered light are then cohergntly a»mplified.in our geometry
collective instability as in collective atomic recoil lasing Photons are backscattered wikfh~—k, wherek is the wave
(CARL) [2], was first observed in superradiant RayleighveCtor of trle laser ph.oton, and the atoms gain a recoil mo-
scattering experimenf8] and then used as the gain processmentum Zi.k. The efficiency of the process, arising from the
in the amplification of matter wavel@]. The matter-wave self-bunching of the matter-wave field, is limited by the de-
grating is the result of the coherent superposition of differenfoherence between the original and recoiled atomic wave
atomic momentum states, similar to the one produced ifackets, causing damping of the matter-wave grating. In a
Bragg scattering experiments in which matter is diffracted by'€cent papef7] we presented preliminary results on the in-
a standing wave of lighf5]. In all these experiments the quencg of the ex_ternal atomic motion on dec_oherence in su-
coherence in the atomic superposition plays a crucial rolePerradiant Rayleigh scattering. In the experiment described
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 pump beam  scattered light

matter wave grating

the CARL proces$6]. In this paper we show the transition m—)) BEC
from superradiance to Bragg scattering when the experimen (DI() (‘)smk_)sc

is performed in the presence of a weak optical grating. Fur- o s -
thermore, we investigate the dependence of the decoherenc - Po p,* 27k

in CARL superradiance on the initial center-of-mass velocity
of the condensate.

The experiment is performed with an elongaté@b BEC
exposed to an off-resonant laser pulpamp bearmdirected
along the condensate symmetry afgse Fig. 1L The laser is
far detuned from any atomic resonance, so that resonant al

FIG. 1. Schematics of superradiant light scattering from a Bose-
Einstein condensate. An elongated BEC with momenfyris illu-
minated by a far-off-resonant laser bedpump beam with fre-
quencyw and wave vectok directed along its axial direction. After
Bgckscattering of photons with.= -k and the subsequent recoil of
atoms, a matter-wave grating forms, due to the quantum interfer-
ence between the two momentum compongitsnd fy+ 27k of
the wave function of the condensate. The effect of this grating is to
*Electronic address: fallani@lens.unifi.it further scatter the incident light in a self-amplifying process.
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trap 70 um, respectively, a square pulse of light is applied along
BEC | the z axis.
P - (A) The condensate is illuminated by a pump laser with fre-
—— - g quency w and intensityl and, in some experiments, by a
counterpropagating seed beam with frequewgyand inten-
pump heam ok / seedl boam wky ®) sity |= EI. 'il?hg dur?ition of the two Iaser(:)ulgegfis controlled
- by two independent acousto-optic modulators, driven by two
seattored Tightiog ec / \ different phase-locked radio frequencies in order to provide a
stable frequency differencé=w-ws. The two beams are
, derived from the same laser which is red detuned several
' ’ absorption imaging  (C) GHz away from the rubidium D2 line at=780 nm. The

pump beam typically has an intensity ©f1.35 W/cn#, cor-
responding to a Rayleigh scattering rate of roughly 5
X 1% s71. The seed beam, when present, has a much weaker

FIG. 2. Sketch of the experimental procedure. The condensatitensity, with 10°< <10 The linearly polarized laser
may be set into motion by a sudden displacement of the magnetie@ms are collimated and aligned along thexis of the
trap center(A). When the condensate reaches the desired momerf:ondensate. The size of the laser beams is larger than 0.5
tum p, we switch off the magnetic trap and flash the atoms withmm, far larger than the condensate free fall during the inter-
far-off-resonance laser liglipump and seed beaingirected along ~ action with light. In this geometry the superradiant process
the condensate symmetry axB). After an expansion timé&8 mg causes the pump light to be backscattered and the self-
allowing a complete separation of the momentum compongsnts amplified matter wave propagates in the same direction as
and po+2%ik, we take an absorption image of the ato{@s. the incident light. In the presence of seeding we expect the
backscattered light to have the same frequangy ws of the

in this paper we stimulate the superradiant amplification withSed beam. Setting up the experiment we carefully avoided
a counterpropagating laser fielseed beamat the right fre- unwanted reflections of the pump beam in the same direction
quency to induce stimulated Bragg transitions between th&f the seed beam. To this aim the laser beams have been
two momentum states involved in the superradiant proces&ligned at a nonzero angle with respect to the normal to the
When the Rabi frequency of the stimulated process is large¥acuum cell windows where the BEC is produced. After an
than the superradiant gain, the dynamics of the system igxpansion of 28 ms, when the two momentum components
completely dominated by Rabi oscillations. In this paper weré spatially separated, we take an absorption image of the
present experimental results on the transition from the supefloud along the horizontal radial direction. In FigQ we
radiant regime to the Bragg scattering regime, in full agreeShow a typical absorption image in which the left peak is the
ment with the theoretical model. condensate in its original momentum stateand the right

The paper is organized as follows. In Sec. Il we presenPe?k is formed by atoms recpiling after the superradiant scat-
the experimental setup. In Sec. Ill we introduce the CARL-tering atpo+27ik. The spherical halo centered between the
BEC model as a theoretical description of our system. IfWO density peaks is due to nonenhanced spontaneous
Secs. IV and V we present the experimental results in th@rocesses—i.e., random isotropic emission following the ab-

frame of the theory developed in the previous section. ~ Sorption of one laser photof8]. From a two-dimensional
(2D) fit of the pictures assuming a double Thomas-Fermi

density distribution we extract the number of atoms in both
Il. EXPERIMENTAL SETUP the original and recoiled peaks. We study the population in
the two momentum states as a function of the duration of the
The experiment is performed with a cigar-shaped BEC ofaser pulse for various experimental conditions.

87Rb produced in a loffe-Pritchard magnetic trap by means of
rf-induced evaporative cooling. The axial and radial frequen-
cies of the trap arew,/27=8.707) Hz and w,/2w
=90.1(4) Hz, respectively, with the axis oriented horizon- Our model consists of a Schrodinger field of noninteract-
tally. After the end of the evaporation, a collective dipoleing bosonic two-level atoms coupled via the electric-dipole
motion of the condensate inside the harmonic potential majnteraction to two radiation fields. We take the pump laser
be induced along the axis, allowing tuning of the atomic directed along the positive direction of the aXisvith elec-
momentump, in the direction of the pump beam. The dipole tric field E, and frequencyn=ck, and the backscattered field
oscillation is excited by nonadiabatically displacing the cen-with electric field Eg and frequencyws=w- 48, with §<w,
ter of the magnetic trap. When the condensate has reachahd the same polarization as the pump field. The laser is far
the requested velocity in the magnetic potential, the trap isletuned from the atomic resonaneg; i.e., Ag=w-wq iS
suddenly switched off and the cloud expands with a constarhuch larger than the natural linewidth of the atomic transi-
horizontal velocity(see Fig. 2 After 2 ms of free expansion, tion. While single-photon processes are therefore nonreso-
when the magnetic trap field is completely switched off andnant, the atoms may still undergo a two-photon virtual tran-
the atomic cloud still has an elongated shégethis time the  sition in which their internal state remains unchanged, but
radial and axial sizes of the condensate are typically 10 andue to recoil their center-of-mass motion is modified. In this

P, Pt 27k

Ill. CARL-BEC MODEL
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far-off-resonant regime, the excited-state population, and oD 1 2P _ ~
therefore spontaneous emission, may be neglected, and the i—=- Y + iﬂ{é;e”’— c.cid, (4)
ground-state atomic field evolves coherently under the effec- at pa 2
tive Hamiltonian[ 8]
da ~ -
. . 52 P ¢ o A =g f do|®|%€? - (k -0, (5)
H= f dz¥(2)) - Py ihA—l(apé;eZ'kz-'ﬁt -H.c) (¥(2) dt
: 0 where we have omitted for simplicity the input fiedg, and
- dagas, (D) where 6=2kz, d=d/\2k, T=4wrpt, F=(2/pN)"2ae®, &

=5/ (4wgp), K=kl (dwgp), wg=hk?/2m is the recoil fre-
quency, and p=(1/2)(gVN/wg)?® is the dimensionless
jection of the atomic dipole moment along the field polariza-CARL parametef2]. It can be interpreted as the maximum

tion. We treat the pump field classically and we assume thdtUmper of photons scattered per atom in the classical regime
it remains undepleted, so tha5=(60V/2ﬁw)1’2Ep is a con- and for a nondissipative systefie., k=0) [10]. Hence, in

: : - : this regime the atoms gain a maximum recoil momentum of
stant and the effective coupling coefﬁmentgsgiap/AO . . .
=(2/200) (oI 2heV)", whereQ=dE,/# is the Rabi fre- 1 Order of (#lp. nstead, n the classical supemradiant
quency of the pump and is the volume of the condensate. regime(i.e., x . ), EzTaxmumz r13um ezr ot photons
A 19 is the photon annihilation o scattered byN atoms ispN/«“=(4w,/ k)*p°NeN*, whereas
In Eq. (1) 8s=(€V/2hwy)™*Es is the photon annihilation 0p- e maximum recoil momentum gained by the atoms is

erator for the scattered mode, taken in the frame rotating a(tﬁk)(p/ V,T—() [11]. The semiclassical limit of CARL from a
the pump frequency and satisfying the commutation rela- BEC occurs when the momentum gained by the atoms scat-

tion [as,al]:l. - ) tering photons is much larger thak. This happens when
After deriving the Heisenberg equations fif and &  p>1 in the conservative regime and whem\x in the
from the Hamiltonian(1), we replace the bosonic operators syperradiant regime. In our experiment, where the scattered
with the coherent wave function of the condensgfe) radiation is not confined in an optical cavipyijs of the order
=N® (whereN is the total number of atoms in the conden- of 10> and is of the order of 18 so that quantum superra-
sat§ and the classical field amplitud®. Then, we add a diant scattering witlp<\'x is observed. In this regime, each
phenomenological loss term in the field equation to accounatom scatters only a single photon coherently and the con-
for radiation losses and a possible external beam seeding titkensate momentum changes bik2
scattered modes. In these limits, we obtain the following If the condensate is much longer than the radiation wave-
CARL-BEC model—i.e., a Gross-Pitaevskii model general-length and approximately homogeneous, then spatial peri-
ized to include the self-consistent evolution of the scattere@dic boundary conditions can be assumed and the wave func-

where m is the atomic massg,=d[w/(2%€V)]Y? is the
atom-field electric-dipole coupling constant, ahis the pro-

radiation amplitud¢7]: tion can be written as
L S D(z,t) = X cy(Hus(e™?, (6)
el ig{agd@= % —c.cld, 2 n
whereu,(z)=V2/\ exp(2inkz) are the momentum eigenfunc-
d tions with eigenvaluep,=n(2%k). Using Eq.(6), Egs. (2)
d—is = gNJ d4d|?®=N — w(as- ay,), (3)  and(3) reduce to an infinite set of ordinary differential equa-
tions

where the condensate wave function is normalized such that Ch_ . «

fdZ®|2=1. The second term on the right-hand side of Eq. ot - '@nCn+ 0(85Ch-1 = 8, 7)
(2) represents the self-consistanitical grating, whose am-

plitude depends on time according to Eg) while the first da, .

term on the right-hand side of E¢3) represents the self- ot =gN\> CnCns1 — k(85— &), (8)
consistentmatter-wavegrating. Equation3) has been writ- n

ten in the “mean-field” limit, which models the propagationlwhere wy=n(4nw, - 8). Equation(7) describes the coherent

and th_e presence %f an eite;r;il seidLb_y mheans 0; a dampiRg| tion of the condensate, without taking into account the
term —(as~a), wherex~c/2L andL is the condensate ;4 0idable loss of coherence present in a real experiment.
length andy, is a constant amplitude of the field seeding theé\ye can model the phase-diffusion contribution to decoher-

scattering mode with frequenay,. The nonlinear term usu- g ce ysing the following master equation for the atomic den-
ally present in the Gross-Pitaevskii equat|@hand describ- sity operatorp:

ing the mean-field atomic interaction due to the binary col-
lision has been neglected here since the experiment has been dp _ i m e T e s
performed after expansion. dt ~ h[H°+V’p] zﬁZ[HO’[HO’p]]’ ©)
In order to identify the different regimes for CARL from a R . L
BEC, Egs.(2) and(3) may be recast in the following dimen- where Hy=4fiwgp?-#dp, V=ihga,e®*-H.c), and p
sionless form: =9,/ (2#K) is the normalized momentum operator with, in a
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Fock representation, eigenstates and eigenvalues. The  broadening of the two-photon Bragg resonaf@d4]. Note
phase destroying term with the double commutator of theéhat Eq. (15 stems from the energy differends—E; be-
Lindblad form in the right-hand side of E¢Q) appeared in tween the initial and final states of the atom-photon system,
many models of decohereng#2,13 and induces diffusion whereE;=fws+p?/2m and E;=hw+p3/2m, and remember-

in variables that do not commute with the Hamiltonian, pre-ing that p;=pg+ 2Ak.

serving the number of atoms in the condensate. In this term We also note that in Eq$12)—(14), S represents half of

we have neglected the interactidhin the weak-coupling the amplitude of the matter-wave grating. In fact, if
limit g?N/ k< wg. Expandingp on the base of the eigenstates

Of pi.c.. =S opmel MY, WHEre pr =G, —we obtain D = U2 + CraqUner(2), (17
from Eqgs.(9) and(8) the longitudinal density is
dp, , ®2= (2/\){1 + 2R4S exp(2ik2)]}, (18)
dntln ==i(wp= wn)Pm,n + g{as(Pm,n—l - Pm+1,n) | | { ¢ X I

which describes a matter-wave grating with a periodicity of
. T 5 half the laser wavelength. The main result is that the second
+85(Pm-10 = Pmne 1)} ~ E(wm‘ on)pmns (100 term of Eq.(16), arising from a phase-diffusion decoherence
mechanism, depends on the frequency difference between
d the incident and scattered radiation and on the initial momen-
—asngE Prne1— k(85— @) (11)  tum qf the condensatgy),=n(2#k). We observe that. thi;
dt n velocity-dependent term of the decoherence rate is invariant

. . e under Galilean transformation. In fact, in a frame moving
The last term in Eq(10) describes the phase-diffusion deco- \{vith respect to the laboratory frame, the shiftmfcompen-

herence process due to the interaction with the environmeng, . oo Doppler shift of the frequency differencecw,

wh_ose amplitude is chargctenzeq by a character_|st|c ime The parameters used in the experiment match those for
This term, fundamental in describing our experimental re-,

sults, causes the decay of the off-diagonal matrix eIementsI,t“.a superfluorescent regiri5), In whlch_the f'el.d IOSS_ rate
is much larger than the coupling rageN. In this regime,

so that the density matrix becomes diagonal in the basis Oflf)r t> L we can perform an adiabatic elimination putting

the recoil momentum states. . :
. = . = Eq.(14 h h i
In our experimenp < k<% (i.e., g°N/ k < wg< k), and dA/dt=0 in Eq. (14), so that, in the case #=0

the superradiant scattering involves only neighboring mo- gNS

mentum states—i.e., transitions from the initial momentum = m (19
statepy=n(2%k) to the final momentum stat@+ 1)2%k. In

this limit, Egs.(10) and (11) reduce to the equations for a Equations(12), (13), and(19) admit the following superra-
two-level system which are equivalent to the Maxwell-Blochdiant solution for the fraction of atoms with initial momen-

equationd 10,14: tum py=n(2#K),
ds_ 1 2y
a gAW= S, (12 P,=1- 5 1- e {1 +tanhi(G - 2y)(t - tp)/2]}, (20)
and the average flux of scattered photons,
dw
— =-29(AS +H.c), (13 5
dt ,_GN 2y
2k|A]? = e 1- e sech[(G - 2y)(t—ty)/2], (21)
dA .
o gNS+IAA - k(A= Ap), (14  where
whereS=p,, .16, W=P,—P,,, is the population fraction - _20°Nk_ (22)
difference between the two statéshere P,=p,, and P, (k?+A?)

+P,.1=1), A=age* andA,,=a,,e 2! are the slowly varying

amplitudes of the scattered and seeding fields, respectivel s the superradiant gain arglis a delay time. Since in our

éxperimentx> A, then G=~2g°N/k is approximately inde-
A=w-ws—dog(2n+1) (15) pendent of the Bragg detuning and hence of atomic velocity.
guations(20) and (21) assume the threshold conditich
2v; i.e., the gain must be larger than the decoherence rate.
Increasing the seed amplitudg,, the dynamics of the
Po 2 system show a competition between two kinds of phenom-
o= ws— 4oy . (16)

is the detuning from the Bragg resonance with the scattere
field, andvy is the decoherence rate, given by

T T
Y=Y%* EAZ =%t > 7k +1 ena: the superradiant CARL evolution wh&p is much less
thangN/ « (i.e., when the Rabi frequendy,=2gA;, is much
In the decoherence ratewe have included an extra teryg  less thanG) and Bragg scattering due to the optical grating
taking into account other coherence decay mechanisms—fdormed by the interference between the pump and seed
example, Doppler and inhomogeneous effects causing theeams.
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n=11x10"

When (), is much larger thai®, no superradiant amplifi- 1.0
cation of the counterpropagating field occurs and we can
assumeA= A, in Eqgs.(12) and(13). Then, the solution for
A=0 shows the following damped Rabi oscillation for the
atomic population with initial momenturpy:

(A)

1 (e Yo .
Pn= 5{1 +e ot tfJ)’z{cosQ(t—to) + ﬁ st(t—to)]},

(23)

whereQ =Qy- /4. In the intermediate regime we have to
resort to a numerical integration of Eq42)—(14).

IV. STIMULATING THE SUPERRADIANCE

We now discuss the experimental results and compare
them with the theoretical model presented in the previous
section.

In the first series of experiments, we investigate the tran-
sition from the Bragg scattering regime to the superradiant
regime. In this case the BEC is at rest in the laboratory
frame. In these experiments we use the puimseed con-
figuration and we set the frequency difference between the
two beamsw-ws=4wg to be resonant with the Bragg tran-
sition for the condensate with,=0. We observe the transi-
tion between the two regimes by varying the intensity ratio
n=I4/1 of the seed beam to the pump beam.

In Fig. 3 we show the evolution of the population in the
original momentum stat@,=0 as a function of the laser
pulse length for several values of the seeding paramgter
from 0 to 1.1x 10°3. The experiment was performed with a
pump beam intensity=0.9 W/cn?f and detuning 15 GHz. In
all the cases considered we observe only two momenturn
components in the expanded cloud, so that the two-level ap
proximation used in the theoretical treatment is well satis-
fied. The data in Fig. @\) correspond top=1.1X 1073, In 02
this case the population performs a weakly damped Rab
oscillation caused by Bragg transitions between the two mo-
mentum statepy=0 and p=2%k. Reducing the seed beam
intensity, this oscillation becomes strongly damped and starts  os |
to show an asymmetric shapeigs. 3B)-3(D)]. Eventually,
when the seed beam is abs@hty. 3(E)], the population in 06
the original momentum state slowly decays to a stationary
value.

This observed dynamics is well accounted for by the the- g2 |
oretical model. In absence of the seed beam the analytica
solution in Eq.(20) is a hyperbolic tangent describing the 00 . . . . .
depletion in the original momentum state due to the superra: 6o 61 02 03 04 05 08
diant scattering. The solid line in Fig(B is the fit of this Pulse length [ms]
function to the experimental data, giving the valués
=30.83.5 ms™, 70:6'4(9)_ msll gndtozo.Zﬂl) ms as best FIG. 3. Time evolution of the population in the original momen-
parameters. The dotted line is instead the result of the nygq, statep,=0 for a BEC interacting with an off-resonant pump
merical integration of Eqs12)-(14), in which the effect of  yeam and a counterpropagating weak seed beasonant with the
the noise triggering the onset of the superradiant amplificagragg transitionw—ws=4wg) for different seed beam intensities
tion is introduced in the model as an injected field with fre-| =1, The laser detuning and intensity are 15 GHz and
quencyws=w. We have chosen the amplitude of this injectedo.9 W/cn?, respectively. As the seed intensity decred$esn top
field to be Iy=70 uW/cn?, corresponding toyy=7.8  to bottom the response of the system goes from the Bragg scatter-
% 1075, in such a way to obtain the best agreement with theng regime to the pure superradiant regime. The solid lines are
experimental data. We define this value of the intensity as thebtained from the numerical integration of Eq$2)—(14).

T

I oo} 1

b ©)
5

[2]

seed beam intensity 7

Population of the momentum

0-0 B 1 1 I 1 1 i
10 + + t y

(E)

04 |
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1.0
08 po=-fik
0.6
04
02
o t FIG. 4. (Left) Time evolution of the atomic
1.0 S o
I population in the original momentum staf®
08 p,=0 (open circleg and in the recoiled statpy+2hk
c | 0 (solid circles for different pulse durations. The
2 06 solid line is a fit with the hyperbolic tange(20)
% I predicted by the theoretical model. The initial
g 04 momentump, of the condensate is set tdik
o I (top), 0 (centey, and 4k (bottom). (Right) Plots
02 of the expanded atomic density profile after inter-
L action with a 250us-long pump pulse. The peak
0.0 on the left corresponds to the initial momentum
1.0 [C statepy and the peak on the right corresponds to
3 the statepy+2%k. The laser detuning and inten-
p,= t#ik . .
0.8 0 sity are 13 GHz and 1.35 W/dnrespectively.
0.6
04 r ® 7 '
I U .-
e e
02 . e 4
L
00 jeee ® . . .
0.0 0.5 1.0
Pulse length [ms]
“equivalent input noise” for this experimental setup. quantum interference between atomic momentum states, has

In the presence of the seed beam the system may undergdifetime 2, after which the coherent superposition decays
stimulated Bragg transitions between the two momentunin a statistical mixture and the gain process for superradiant
statesp,=0 andp=22k. When the intensity of the seed beam amplification stops. Following Eq16), we study the depen-
is much larger than the peak of the superradiant intensitydence of the decoherence raten the external atomic mo-
this effect is dominant and the population oscillates at thaion by monitoring the superradiant dynamics for different
Rabi frequency of the two-photon transition. In the interme-initial velocities of the condensate. In this series of experi-
diate regime, when the intensities of the two beams are verghents the seed beam is absent and we change the initial
unbalanced = 107%), the dynamics of the system is driven momentunyp, of the condensatés described in Sec.)ll\We
by the interplay between the two processes, resulting inhen follow the time evolution of population in the two mo-
asymmetric oscillations in which the depletion of the originalmentum peaks of the expanded cloud.
momentum state is faster than its repopulation. The solid In the left side of Fig. 4 we show the evolution of the
lines in Figs. 8A)-3(D) are the results of the numerical in- population in the original and recoiled momentum states as a
tegration of Eqs(12)—(14) using the parameters obtained in function of the pulse length for three different initial mo-
absence of seeding. The comparison between the curves anwntap,. In all three cases the laser parameters are the same
the experimental points confirm the validity of the theoretical(A,=13 GHz and =1.35 W/cnf) and the only difference is
model in describing this intermediate regime. the initial velocity of the condensate. We observe that the

efficiency of the process depends on the initial momentum,

being maximum forp,=-#k, as evident also from the 3D
V. DECOHERENCE IN SUPERRADIANCE plots on the right siddreferring to a fixed pulse length of

250 us). The solid lines are obtained from the fit of the ex-

The efficiency of the superradiant process, driven by thgerimental pointgopen circleg with the theoretical function
self-bunching of the matter-wave field, strongly depends orof Eq. (20). From the fits we extract the values Gfand y
the coherence of the atomic superposition created in the scdbr different atomic momenta,. We have observed that the
tering event. The matter-wave grating, arising from thegain parameteiG does not appreciably depend @g, as
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8 17— T intensity backscattered collinearly to the pump light. This
intensity is 7x 10°® W/cn?, corresponding te=8 X 1076 of

the pump intensity. The effect of this small amount of back-
diffused light has also been evidenced performing the mea-
surements without seed in the far-detuned regime. In this
situation the spontaneous process triggering the superradiant
amplification is suppresse(ts rate being proportional to
1/A§), while the stimulated Bragg scattering can be predomi-
nant(its rate being proportional to 1\p), provided that some
counterpropagating light exists. Indeed, in this regiffor
Ap=150 GHz,| =3 W/cn? and 0.5 ms pulse lengthfor an
initial momentumpy= +7%k, we observe the signature of a
4t i small Bragg scattering gt=-#k (i.e., in the direction oppo-

. i . site to the superradiant scatteringvhich can be explained

3 2 -1 0 1 only assuming a back-reflected light of X420 W/cn?.
These two independent observations confirm that, in all the
experiments described above, we should take into account

FIG. 5. Decoherence rate as a function of the initial momenturri€ Presence of some counterpropagating light at the same

A . :
po of the condensate. The solid line is a fit of the experimental datd€duéncye of the pump and a relative intensity 6f10™.
with a parabola centered jp,=-%k, as expected from the theoret- These observations allow us to comment on two different

ical model[see Eq.(16)]. things. First, this back-diffused light has an intensity small
enough to safely state that all the measurements discussed in
this section have been made in a regime in which the dynam-
expected from the theoretical treatment, and its averags Of the system is completely dominated by superradiance.
value is G=193) ms [16]. In contrast, the decoherence S€cond, this amount of light is actually of the same order of
rate y strongly depends on the initial momentuy mag_nltude of.the faquwalent input noﬂ;@ (defined in the .
In Fig. 5 we plot the values of the decoherence rate previous sectiontriggering the superradiant process. This

obtained from the fit as a function of the initial momentum of can justify the assumption,=w used to fit the experimental

the atoms. The data show a parabolic behavior in oo&ata of Fig. 5. We remark that the presence of back-diffused
Co o P L 9 ight cannot explain the dependence of the superradiant effi-
agreement with the prediction of E(L.6) assumingw=wg in

I~ ) ) . ciency on the atomic momentupg in terms of Bragg stimu-
the laboratory frame. Fitting the points with the theoretlcal|ation. As a matter of fact, the width of the Bragg resonance

curve we obtain the valuego=4.22) ms™ and 7=2.42) s one order of magnitude smaller than the range of momenta
X 107" s as best parameters. We observe that this valyg,of explored in our experiment and shown in Fig. 5. Indeed, for
describing the Ve|OCity-independent Contributions to deCO'our experimenta| parameters the Bragg resonance width is
herence, is close to the expected linewidth of the Bragg resoxp,=#k(Aw/4wg) <0.14k (so that only the experimental
nancey,~3 ms" for our experimental parametefS]. As  point atp,=-%k would be affectel Furthermore, the hyper-
evident from the data in Fig. 5, the decoherence rate is miniholic tangent dependence of the atomic population in Fig. 4
mum whenp,=-7K. In this case the recoiling atoms have can only be explained by the self-consistent amplification of
momentum 4Kk in the laboratory frame, hence the same ki-the matter-wave grating and of the backscattered light as
netic energy as before scattering. With the above assumptiatescribed in the CARL-BEC model.
for the scattered light frequencys, the phase destroying
term in Eq.(16), dependent on the energy conservation con-
dition (frequency mismatch from the Bragg resonance con-
dition with the scattered lightis zero. In conclusion, we have studied both experimentally and
We now discuss the role played by the presence of somtheoretically superradiant light scattering from an elongated
backscattered light in our setup. In an experimental apparatuBose-Einstein condensate. We have introduced the CARL-
it is very difficult to avoid the presence of light backreflected BEC model, showing that the efficiency of the overall pro-
by the vacuum cell windows. In particular, considering thecess is fundamentally limited by the decoherence between
1D geometry of our experiment, if some counterpropagatinghe two atomic momentum states. In a first experiment, per-
light exists, in the caspy=—7k this could cause stimulated formed adding a counterpropagating beam, we have explored
Bragg scattering of atoms in the same direction and with theéhe transition from the pure superradiant regime to the Rabi
same transfer of momentuniR as the superradiant process. oscillations regime induced by stimulated Bragg scattering.
This mechanism would actually mask the effect of a pureWe give analytical expressions for these two limiting cases.
superradiant scattering, as evidenced in the previous sectiolm the intermediate regime we have resorted to a numerical
Indeed, in our experimental setup we detected the backintegration of the full system of equations.
diffusion of a small amount of light, caused by the poor In a second experiment we have studied the dependence
quality of the cell windows. We first estimated the magnitudeof the decoherence rate on the initial momentum of the con-
of this light by directly measuring with a power meter the densate. We have identified a velocity-dependent contribu-

(=) ~
T T
1 1

Decoherence ratey (ms™)
wn

Initial momentum p, (7ik units)

VI. CONCLUSIONS
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