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Raman amplification of matter waves
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We demonstrate a Raman amplifier for matter waves, where the amplified atoms and the gain medium are in
two different hyperfine states. This amplifier is based on a form of superradiance that arises from self-
stimulated Raman scattering in a Bose-Einstein condensate.
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With the realization of coherent, laserlike atoms in the The angular distribution of spontaneously emitted light is
form of Bose-Einstein condensates it has become possible ttiependent on its polarization. If we take the quantization
explore matter-wave amplification, a process in which theaxis Z along the long axis of the condensdtehich is also
number of atoms in a quantum state is amplified due tdhe direction of the bias field in the magnetic traghe inci-
bosonic stimulation. Stimulation has been observed in thelent beam isr polarized. If the emitted light is als@ po-
formation of condensatdd4,2] and, more directly, has been larized(Rayleigh scatteringits angular distribution is that of
used to realize coherent matter-wave amplifi@g] based an oscillating dipole,f_(6)=(3/8m)sir? 6, where 6 is the
on superradiant Rayleigh scatterii§—13 in which the angle betweei and the direction of propagation of the scat-
atomic momentum of the gain medium and the amplifiedtered light. The suppression of Rayleigh superradiance in this
atoms differ by a photon recoil. In these cases the atomsonfiguration is reflected in the fact thiagt vanishes along,
remained in the same internal state, a fact that severely limsuch that the endfire mode cannot be populated. If the emit-
ited the performance of superradiant atom amplifiers sincéed light is o polarized, the angular characteristics are those
the amplified atoms were scattered out of the final state o®f a rotating dipolef,,(6)=(3/16m)(1+co$ ¢) and emission
served as a gain medium for higher-order procegseger- into the endfire mode is favored. The absorptionmofight
radiant cascaded)). followed by the emission ofr light corresponds to a Raman

In this Rap|d Communication we demonstrate a RamaﬁranSition in which thez Component of the atomic angular
atom amplifier in which the gain medium and the amplifiedmomentum changes by. ) )
atoms are in different internal states. Such a system has We now discuss the existence of superradiant gain for
analogies to an optical laser in which different transitions are?Uch @ Raman process. For Rayleigh scattering an expression
used for pumping and lasing, thus circumventing the abov&@S been derived both semiclassically and quantum mechani-
limitations. The gain mechanism for this amplifier is stimu-Ca"y’ using descriptions based on either atomic or optical

lated Raman scattering in A-type atomic level structure stimulation([7,12,14:
which occurs in a superradiant way. This system also acts as Nq =N Tsf(0)Qq(Ng+ 1) = G(Ng + 1). (1)
a Stokes Raman laser for optical radiation. ) )

The amplification scheme is similar to that explored inHere,No(Ng) is the number of atoms in the condenseree
previous work on Rayleigh superradiance in Bose-Einsteir§0il mode, I's is the rate for spontaneous Rayleigh scatter-
condensate§7,12 [cf. Fig. 1(a@)]. A linearly polarized laser
beam with wave vectok is incident on a magnetically
trapped, cigar-shaped condensate, perpendicular to its long
axis. Each scattering event creates a scattered photon with
momentunvz(k —q) and a recoiling atom with corresponding
momentumfq. This scattering process is bosonically stimu-
lated by atoms that are already present in the final gigqte

For Rayleigh scattering, the mode with the highest gain is FIG. 1. Observation of superradiant Rayleigh scatteriagEx-
the so-called endfire mode, in which the scattered photongerimental configuration. A laser beamvave vectork) is incident
propagate along the long axis of the condensate, while theerpendicularly to the long axis of the condensate; its electric-field
scattered atoms recoil at an angle of 4%f. Rayleigh super- vector E is parallel to it and the applied magnetic fieBl Each
radiance is strongest when the electric-field vector of thescattering event results in a recoiling atgmomentum’q) and a
incident beam is perpendicular to the long axis of the conScattered photormomentunti(k -q)]. The recoiling atoms lie on a
densate and is suppressed when the field vector is parallel §€!l of radiusik. (b) Spontaneous Rayleigh scattering. The absorp-

it [7]. This parallel configuration is the experimental situa-tl'o(;‘ i"\;\‘/i?e n,sfht(r’]ws al ha(ljo Oft.atoms' Ehe intgnsity og.thet :;eam was
tion considered in this Rapid Communication. 0 mW/ent; the pulse duration was 1 m) Superradiant Raman
scattering as observed for a beam intensity of 18 m\W/and a

pulse duration of 10Qs (the original condensate was fully de-
pleted after~10 us. In both cases the field of view was 1.05
*Electronic address: schneble@mit.edu X 1.05 mnf.
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ing (which is proportional to the beam intensity, f(6) JTA
=f,(0) is the angular distribution of the spontaneously emit- §10
ted light, andQ,~\?/A is the phase-matching solid angle §

for superradiance in an extended sample, wheris the
wavelength of the scattered light aAds the cross-sectional
area perpendicular @ It is straightforward to generalize Eq.
(1) to the case of Raman scattering by interprefiiggas the
rate for spontaneous Raman scattering and replatify
=f,(6). The transition from spontaneous to superradiant
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(Rayleigh or Ramanscattering occurs when the gain ex- 7 [ps] 7 [ps] | [mW/em?]

ceeds the lossesee below, or N,>1. The angular distri-

bution is then no longer the familiar dipole pattéi(#), but FIG. 2. Characterization of superradiant Raman scattering. The
becomes highly directional. number of atoms in a single recoil peak is shown for three different

To demonstrate superradiant Raman scattering experimeﬁltuations.(a) Dependence on the pulse durationwith constant
tally, a cigar-shapedﬁRb condensate was produced in abeam intensity1=7.6 mW/cn?). The solid line describes an expo-
cloverleaf-type loffe-Pritchard magnetic trap with the proce—”e”(t)'sal_19“""”_h according to Eq(2) with G-L=(1.7£0.
dure described in Refi12]. The condensate contained) i<1140 fn W /E:brzﬁ; prfgge;‘;iq ?]E:nggrr diczogséimon%a;:trifll(”with
=10x10° atoms in the statdl)=|5°S,, F=1me=-1), - BT AT Lok C Ao T é pd Y "
whereF andmg are the quantum numbers for the total spint e ratel =(6.2+0.9 s~ (solid fing. (¢) Dependence on the
and itsz companent and had Thomas-Fermi radii of 166 laser intensity for a constant pulse duratiar=10 ws). The solid

. . . . . . line is calculated from Eq(2) with parameterd and G/1=3.0
and 13.3um in the axial and radial directions, respectively. X 10° cm2/mW s as obtained in a and b, predicting a threshold at

The trapped condensate was illuminated with a horizomtal 2.1 mW/cn?t. The open circles represent the measurement of Fig. 4,

polf’slrized laser bea_m for a var_iable d_uratif)rand the mag- rescaled for the intensity of the electric-field component along the

netic trap was switched off immediately afterwards. Thejong axis of the condensate.

beam had a detuning ofA/(27)=-340 MHz from the
2 - 2 - i -

atomis momenttm disribution was analyzed by imaging the_ e ime evoluion of the numbekl of atoms in the

atomic ensemble after 32 ms of ballistic expansion. Absorpfeco'l peaks in the perturbative regimé <N, (Cf. Fig. 2

tion images were obtained with a vertical probe beam afteShowed exponential growth as predicted by . In the
the atoms had been optically pumped to the Stagy,5F [)resence of a loss mechanism with a flat¢he rate equation

-9 for Ny>1 is modified to

Results obtained for light scattering in this situation are .
shown in Figs. {b) and Xc). For laser beam intensitidsof Ng= (G = L)Ng. 2
up tol ~1 mW/cn?, a scattering halo consistent with a di-
polar emission pattern was visible in the absorption imaged© determineL, the condensate was illuminated with the
[cf. Fig. 4(b)], in agreement with earlier resultg] (for com- ~ beam for variable pulse durationswhile keeping the pulse
parison, the threshold for Rayleigh superradiance was belo@'€al7=Gr constant. In this case the number of recoiling
| =100 uW/crm? when the beam was polarized perpendicularRaman-scattered atoms should scaleNgér) = exp(-L7).
to the long axiz However, when the intensity of the beam The experimental result, shown in Fig(b?, shows an
was increased to much larger values, the scattering becang&ponential decay with a rate constdrnt1/(16 us).
highly directional and two distinct peaks of recoiling atoms  The loss raté. observed here is a factor of 25 faster than
appeared into which the condensate was rapidly transferreitie corresponding rate for superradiant Rayleigh scattering
[Fig. 1(c)]. In contrast to the appearance of a fan patterr(i.e., the width of the two-photon Bragg resonan@el5)).
observed in Rayleigh superradiance due to higher-order scato explain this difference we first note that, as in superradi-
tering [7], the atoms remained localized in these two peaksant Rayleigh scattering, the teMiyN, in Eq. (1) describes an
even when the light was left on. A Stern-Gerlach-type analyinterference between the initial and final atomic states. This
sis using ballistic expansion in a magnetic-field gradient reinterference pattern constitutes a dynamic grating that dif-
vealed that the atoms in the recoiling peaks had been tran&acts the pump light into the endfire mode. As in the Ray-
ferred to the upper hyperfine staf@)=|5%S,,,,F=2,mg= leigh case, losses will occur when the overlap between the
-2), corresponding to the emission of polarized light, recoiling atoms and the condensate decreases. However, for
Stokes-shifted by —6.8 GHz from the incident beam. Due tdRaman superradiance there is an important difference. The
the change in the internal state the recoiling atoms weréternal states are orthogonal, and therefore the spatial modu-
~6.5GHz out of resonance with the pump laser light, whichlation is not in the atomic density but rather in the coher-
explains the suppression of higher-order scattering. Previougnces(off-diagonal elements of the density majri4.6] be-
experiments with sodiunfi7] used a large detuning which tween the atomic states. Atomic coherences between
coincided with the ground-state hyperfine splitting; thus thedifferent hyperfine states are sensitive to magnetic fields,
Raman scattered atoms were in resonance with the punipading to additional loses. In our case, there is a difference
light. It is most likely for this reason that superradiant Ramanin the Zeeman shifts of staté®)(megr=1/2) and |2)(megr
scattering has not been observed before. =-1). In an inhomogeneous magnetic field the coherences
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FIG. 3. (a) Realization of a Raman amplifier for matter waves. 0 25 90

The first laser pulse prepares a cloud\gfrecoiling atoms in state
|2) (input). After a wait time 7/, these atoms are amplified by a
second, identical pulse to a numbéf=8N, (outpuy, wherep is FIG. 4. Tuning between superradiant modgs.Raman super-

the amplification factor(b) and (c) Input and outpu{3=6) for a  yadianceb) Rayleigh superradianq&apitza-Dirac regimgfor po-
pulse duratiorr=1.65us and a wait time”’ =5 us. The intensity of  |5ization parallel and orthogonal to the condensate axis, respec-
the laser beam was 60 mW/énThe absorption images were taken tively. (c) Variation of the atom number in the Raman peésen
without optical pumping fronj1) to [2) and therefore do not show circleg and in the Rayleigh backward peattiied circles with the

the condensate in the center of the field of viedy. Dependence of polarization angle. The angle had a systematic uncertainty1gf°

the amplification factop on the wait timer’. The line represents an  from the orientation of the condensate with respect to the axis of the
exponential decay with a decay rate(@f2+0.2x10° s magnetic trap. The measurements were done for a laser intensity of

. . L _ 12 mW/cn? and a pulse duration of 10s.
evolve at locally varying frequencies, resulting in dephasing

and thus in a decay of the grating. In a magnetic trap, thgecond, identical pulse was then applied after a wait time
gravitational force is balanced by a magnetic-field gradientThis led to a significant increase of the atom number to an
For the parameters of our trap, the variation of the magnetigutput valueN;=BN,, where 3 is the amplification factor.
field is 10 mG within the condensate, corresponding to anvalues up tog=10 were observe@Fig. 3), which is a clear
inhomogeneous broadening of the splitting betwgigrand  signature for Raman amplification in stag.
|2) of 2x 10° s™%. This simple estimate fdr agrees with the In agreement with the loss mechanism discussed above,
measured value to within a factor of 3. the matter-wave amplification factg@ was found to depend
The fast loss mechanism can also be explained by consign the wait timer’ between the pulses. During this time, the
ering the population of the recoil state. In contrast to the  input atoms were accelerated out of the narrow bandwidth of
atoms in the condensate the recoiling atoms are accelerat@ge amplifying pulse. The observed amplification fadicft,
in the magnetic-field gradient. After the dephasing tiié  Fig. 3d)] decayed with a rate of 2:210f s™* to a value of
their momentum has changed hyd, whered is the vertical =2 in which case the number of atoms in the output was
size of the condensate. This momentum transfer is compaimply the sum of two independent superradiant pulses. This
rable to the momentum uncertainty associated witand  decay rate is in good agreement with the estimaté fgiven
leads to a state distinct from the recoil state. This populatiombove and agrees with the result of Figb2to within a
loss in%q could be decreased by avoiding magnetic-fieldfactor of 3.5. Both rates should agree according to 2.
gradients, e.g., in an optical trap or by using free fallingbut we note that our simple model does not account for the
condensates. depletion of the condensate and optical propagation effects
The dependence of the atom number in the recoil peakgote that for the measurement shown in Figh)2he pump
on the intensity of the laser beam is shown in Figg)2The  light was on, while it was off between the two pulses
atom number increased exponentially accordingNigr) Superradiant Rayleigh and Raman scattering can be re-
«exp(G-L)r above threshold, with parameters that are congarded as two modes of an atom laser. Just as in a multimode
sistent with those found in the measurements shown in Figsptical laser one mode can be selected by introducing mode-
2(a) and 2b). The experimentally determined gaBhagrees selective elements, the relative gain of the two matter-wave
with the value predicted by Eql) (G,=1x10° s for a  modes can be controlled by the polarization of the incident
beam intensity of 7.6 mW/cf{17]) to within a factor of 4.  light, as is shown in Fig. 4. When the polarization was ro-
Raman superradiance can be considered as amplificatidated from parallel to the long axis of the condensate to per-
of the first, spontaneous scattering event into the endfireendicular, the three-peaked Raman pattern of recoiling at-
mode. However, if a coherent input is applied to the systenoms(a) changed into theX-shaped patter(b) characteristic
this input will get amplified as well. In analogy to the work for the Kapitza-Dirac regime of superradiant Rayleigh scat-
on Rayleigh scatterin§3,4] we have used superradiant Ra- tering [12,13. The polarization angle dependence is shown
man scattering as a mechanism for the amplification of matin Fig. 4(c). The transition was almost symmetric about an
ter waves, as illustrated in Fig. 3. To prepare the input, angle of 45 around which both types of superradiance were
short laser pulse was first applied to the trapped condensatactive. Note, however, that this symmetry is not universal but
preparing a small cloud dfl, recoiling atoms in statg). A depends on the particular choice of parameters. The thresh-

Polarization Angle [ded]
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olds (loss rategfor the two kinds of superradiance differ by  Finally, we mention that superradiant Raman scattering is

a factor of 25, and the transition matrix element for Ramaralso possible between sublevels of the same hyperfine state.

scattering is 6.5 times smaller than that for Rayleigh scatterFor a detuning of\/(277)=-140 MHz, the transition matrix

ing at our detuning. The fact that the superradiant rates at thelements for Raman transitions t8%),,F=2,m=-2 and

glto ts”r:gjr;npirllg;istw: rguglgpfasdti;ﬁ ;err/llgilgshd;;rfcsst hsi;?;r:te;g%% 5°S;/,,F=1,me=0 are almost the same. Indeed we ob-

due to the presence of backward pe@kg]. In the present crjved strtlzng Sag]f;] sup_e{rad|anc§ W';h:a’mF:hQ first-

case, which is far above threshold and near the end of thg[) er p%a Ian f :S‘fSF'\;H sgcon -or %r peakthis W?]SI

short-pulse regimgl2], this effect resulted in a gain suppres- observed also for z etun!ng, ut was much less
pronouncey Further peakgorders higher than 2 or back-

sion by a factor~6.5 for Rayleigh superradiance.
The Raman transition frofi) to |2) involves the absorp- ward peakswere not observed. For longer pulse length, the

tion of r light and emission ot light. One can therefore F=1 peaks disappeared, unlike the-2 peaks, since subse-
regard the angular dependence of superradiant Raman sctlent spontaneous Rayleigh scattering is much stronger for
tering as a dependence on the intensity of theomponent F=1 atoms due to the much smaller detuning.
of the incident light, which scales as éas wherea is the In conclusion, we have studied a new phenomenon in the
angle between the electric-field vector and the axis. Indeednteraction of a Bose-Einstein condensate with a single
the rescaled data of Fig. 4 nicely matches the other datstrong laser beam. The cloud can spontaneously create not
shown in Fig. 2c) for which the total intensity of the light only density gratingg7] and phase gratinggl2], but also
was varied. periodic modulations of coherences. Whereas an atomic den-
The comparison of these two amplification modes alsasity grating is accompanied by a standing light wave formed
illustrates that the observed Raman superradiance does ng§ the pump light and the endfire mode, the coherence grat-
have a short-pulseor Kapitza-Dirag regime, unlike the ing is driven by an optical field with a polarization grating
Rayleigh process for which endfire mode photons are scatormed by two beams of orthogonal polarization. The expo-
tered back into the laser beaffi2]. This process violates pential growth of coherence gratings provides a mechanism
energy conservation by the recoil frequency and thereforg, amplify matter waves in an internal state different from
can happen only at times shorter or comparable to the iNthe one of the amplifying medium. In principle, all these
verse recoil frequency. For the observed Raman scatteringyperradiant phenomena could also be observed in noncon-

the energy mismatcltdivided by h) is ~6.5 GHz, corre-  gensed clouds, but lower density and Doppler broadening
sponding to subnanosecond time scales on which backaaq to much higher thresholds in the laser power.

scattering might happen. Similarly, the absence of higher-

order forward peaks reflects the fact that the laser light is too We would like to thank J. M. Vogels and J. Steinhauer for
far out of resonance with the atoms in the recoil state to drivdruitful discussions, and A. E. Leanhardt for a critical reading
further Raman transition@.g., back td==1) on the experi-  of the manuscript. We acknowledge financial support by NSF
mental time scale. and the MIT-Harvard Center for Ultracold Atoms.
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