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Propagating Elementary Excitation in a Dilute Optical Lattice
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Propagating elementary excitations characterized by a well-defined propagation velocity (such as
acoustic waves) are usually considered as being typical of condensed matter or dense fluids. We
show that this requirement is actually not necessary. We predict in the case of a dilute optical lattice
the occurrence of a propagating excitation mode which can induce a stimulated scattering mechanism
analogous to stimulated Brillouin scattering, although it does not involve any interaction between atoms.
We also present the results of an experimental investigation in cesium that demonstrates the existence
of this novel stimulated scattering process. [S0031-9007(96)00554-6]

PACS numbers: 32.80.Pj, 32.60.+i

The dynamical properties of a material medium canthe occurrence of a propagating excitation mode consist-
be formally characterized by the ensemble of its elemening of repeated cycles of half oscillations in a potential
tary excitation modes and their associated eigenfrequenvell followed by optical pumping toward an adjacent po-
cies. When investigated through fluorescence, intensityential well. We show that the associated propagating den-
correlation, or pump-probe spectroscopy, such dynamicality modulation can induce a stimulated scattering process,
eigenmodes manifest themselves in the form of resonancesd we present the results of an experimental investigation
having a width and position related to the real and imagithat actually demonstrates its occurrence.
nary parts of their eigenfrequencies, respectively. Itistra- We consider a standard four beam optical lattice [3]
ditional to distinguish between three regions of the spectraonsisting of twox-polarized beams propagating in the
associated with excitation modes corresponding to pureOz plane and making an angk,, and twoy-polarized
damping processes, spatially localized oscillations, or spdseams propagating in theOz plane and making an an-
tially delocalized propagating excitations, respectively [1].gle 26,. As shown previously [4], this configuration is
The former, which is associated with Rayleigh scatteringwell suited for Sisyphus cooling, so in steady state most of
includes all the central features of the spectrum. Thesthe atoms are localized at the bottom of the optical po-
Rayleigh resonances are essentially characterized by thential wells, where they undergo an oscillatory motion
damping rates of the relevant excitation modes. The se@haracterized by the oscillation frequenci@s, . along
ond region comprises sideband Raman resonances arisitite three direction®x, y, z, respectively. The variation
from transitions between nondegenerate and differentlpf the optical potential along anaxis connecting the po-
populated energy levels of the scattering particles. Théential minima is shown in Fig. 1(a) for the simple case
main characteristic of Raman scattering is the oscillatiorof a J = 1/2 — J/ = 3/2 atomic transition. Note that
frequency of the excitation, which determines the positiorthe light polarization at the bottom of the optical potential
of the Raman resonances, no matter the details of the exvells is alternativelyr* ando ~, and that the distance be-
perimental geometry. By contrast, the third region of thetween two adjacent wells 8, /2 = A/2sind, = A/26,
spectrum is associated with resonant light scattering fronn the small angle limit considered herg {s the wave-
propagating excitation waves, the prototype of which idength of the lattice beams). In fact, even though most of
Brillouin scattering. The positions of the associated sidethe atoms are bound inside a well, a few delocalized atoms
band resonances depend on the details of the experimestill propagate over this periodic structure. Semiclassical
tal geometry through a dispersion relation involving theMonte Carlo simulations of the atomic motion [5] show
propagation velocity of the delocalized excitation, whichthat the dominant propagation mode along thdirection
is the main feature of such resonances. To date, propder such atoms consists of the following steps: (i) half os-
gating elementary excitations have been only reported igillation in a o~ potential well (the atom moves from A
condensed matter or dense fluids, where particle intera¢e B), (ii) optical pumping from ar~ to ac ™ potential
tions are sufficiently strong to support acoustic or spincurve (the atomic velocity is almost unchanged by the pho-
wave propagation. We show in this paper that this requireton recoil), (iii) half oscillation in ao* potential well (the
ment is actually not necessary for propagating excitatiomtom moves from B to C), (iv) optical pumping from a
to take place in a medium. More precisely, we predict inc* to a o~ potential curve, (v) half oscillation in a~
the case of a dilute optical lattice [2] consisting of a peri-potential well (the atom moves from C to D), and so on.
odic structure of micron-sized potential wells induced byWe show in Fig. 1(b) a typical example of computed tra-
the light shift of the atomic sublevels in a standing wave jectory [6] where a previously localized atom travels over
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situation where the probe beam makes a small afgle
with Oz and has the same linear polarization as the nearly
copropagating beams, the two interference patterns asso-
ciated with these two lattice beams are characterized by
the phase velocities~ = 6/k(0, * 6,). The resonant

-]

7 driving condition|v+| = v then yieldsé = +Qg. and
2 5 = =0 with

L W B S QSi = Qx|6p * 0x|/0x . (1)

'H—,H s In particular, when the probe is aligned alofg (6, =

A, 0°), the resonance condition simplifiesto= +(),, which

means that a resonant structure is expected at the position
- Qg = O, of the Ox vibration frequency. Furthermore,

L e

3 (b) /; W WS because in this geometry the excitation of ®¢ vibra-

tion mode is forbidden for symmetry reasons [8], the ex-

istence of a resonance located around on the probe

g transmission spectrum cannot originate from stimulated

et o ,f Raman scattering, and can thus be attributed to a novel

I & stimulated scattering mechanism associated with the afore-

| /’{E mentioned propagating excitation. Wheép # 0° two

& : atomic density waves differing in wavelengtha.(=
FAM A6,/16, = 6.]) are involved in the lattice response to

the pump-probe excitation, the lower frequency mode hav-

FIG. 1. (a) Section of the optical bipotential offa= 1/2—  ing a spatial period larger than,. Because the half

J' =3/2 standard optical lattice along the direction=z = qgcjllation-optical pumping sequences are more likely to

0. An atom can propagate along this periodic structure through__ . - .
a sequence of half oscillations in a well (such as AB, BC, etc. e interrupted as the propagation distance increases, large

followed by transitions toward adjacent wells due to opticaiScale spatial modulations of the density are more heav-
pumping. (b) Example of trajectory followed by an atom: theily damped than small scale variations, so one expects

atom is in them = —1/2 (m = +1/2) state when the dot is the ()5_ resonance to have an amplitude smaller than the
black (empty). Q. resonance.
In order to check the validity of this model, we per-

formed numerical calculations of the probe transmission
eight potential wells through this half oscillation-optical spectra using a semiclassical Monte Carlo simulation of
pumping sequence before being trapped back in a welthe atomic dynamics. The principle of this simulation
[This propagation mode is in strong contrast with the ongechnique, which was applied in the case of & 1/2 —
taking place in the conventional one-dimensionalllim  J/ = 3/2 transition by constraining the atomic motion in
optical lattice [7]. This is because in the present polartwo dimensions, has been presented elsewhere [9]. Here-
ization configuration, transitions between the= —1/2 after are summarized the essential results obtained for an
andm = +1/2 states are strongly suppressed near the boatomic motion in thexOz plane. Figure 2 displays the
tomx,, of a potential well because of the local intensity of probe transmission spectra calculated #or= 6, = 20°
the minority circular polarization component’s varying asand for two different angles of the prolgg = 0° (a) and
(x — x)*[3].] If one neglects the influence of the poten- 8, = 10° (b). The resonance€, and Qg are clearly
tial anharmonicity, an atom travels from A to B, B to C, visible on Fig. 2(a). By discriminating between the contri-
or C to D in a typical timer equal to half the oscilla- butions of atoms having different mechanical energies, itis
tion period in a well, namelyy = 7#/Q,. Elementary found that the center of th@ line essentially arises from
propagating excitations taking the form of density wavesatoms having an energy larger than the optical bipotential
are therefore expected to propagate at the average velotrossing points. By contrast, tlf&, resonance mainly in-
ity v = A,/27 = AQ,/276,. Under appropriate con- volves bound atoms. Figure 2(by,(= 10°) displays a
ditions, such density modulations can be driven by theprobe spectrum with a larg@gs. and a weald)s_ reso-
modulation of the optical potential and of the optical pump-nance shifted toward the high and low frequency domain
ing rate induced by a pump-probe interference patterngompared t},, respectively, as expected from the pre-
provided that its phase velocity along thedirection be ceding discussion. Furthermore, because the stimulated
equal to+xv. More quantitatively, denoting bk, and Raman resonand@, is no longer forbidden with a probe
w, = o + & the wave vector and frequency of the probetilted with respect t@z, a supplementary structure appears
beam, respectively, and dy and w those of one pump betweenQ)s, andQg-_.
(lattice) beam, the pump-probe interference pattern moves We now present the results of an experimental inves-
alongOx with the velocityv = 6/(k, — k) - e,. Inthe tigation performed in cesium in order to demonstrate the
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FIG. 2. Theoretical probe transmission spectragpr= 0, = giG:' ?;'Oo i);]%er;(r)r;e&%l (S)i:ce)kgﬁort]?n;nlﬁg|opnrozg‘§pctr:aOtjgr(:)

20° and for two directions of the probe#?, = 0° (a) and ) _ reo N
0, = 10° (b). The probe has the same Ppolarization as theandthep =25 (b)'t. Thlettprobge has thg same po:arltzﬁtlto?h
naarly copropagating lattice beams. as the copropagating lattice beams. One can note that the

width of the , vibrational line (b) is narrower than the
width of the Qg resonance associated with the propagation
mode (a). Note also that the propagation velocity of this
occurrence of the previously discussed propagating excitr{'—]odgl(’);5 10‘3“05’15 ', s much larger than the recoil velocity
tion mode. The experimental setup was described previ-* ~ '

ously [4]. The lattice beams, whose intensity is typically

10 mW/cn?, are tuned on the red side of thé, »(F =

4) — 6P3/»(F' = 5) transition of cesium, the frequency not being associated with the vibrational motion of local-
detuningA being of the order of a few natural linewidths  ized atoms. This absence of thily resonance is related
When a probe beam having the same polarization as the cts the fact that for this probe geometry, the pump-probe
propagating lattice beams and an intensitg.6fmW/cn?  excitation along0z essentially corresponds to a modula-
is sent along th&z axis, two resonances are observed ortion of optical pumping between adjacent potential wells,
the probe transmission spectrum [see Fig. 3(a) obtained farhich therefore strongly interferes with the propagating
6, = 6, = 30°]. The higher frequency component corre- excitation mode alon@x. All these results are in good
sponds to thé), vibration mode, whereas the second reso-agreement with numerical simulations performed in this
nance is located near the position expected for the polarization geometry.) As the probe anglgeis progres-
vibrational mode. In fact, such a resonance was alreadsively increased from zero, the probe transmission spec-
obtained in [4], where it was attributed to a possible mistrum changes in agreement with the preceding discussion,
alignment or intensity imbalance of the lattice beams. Waeas can be seen in Fig. 3(b) obtainedfgr= 25°. On the

thus carefully controlled the symmetry of the experimen-one hand, a stimulated Raman resonance located around
tal setup, but still observed a resonance(ip. Hence, (), appears, which is actually narrower than thg reso-

we conclude that this resonance arises from the elememance of Fig. 3(a). On the other hand, a resonance located
tary propagating mode described in this Letter. (When that the position expected from Eq. (1) for tlégs, reso-
probe has the same linear polarization as the counterpropaance is apparent on the spectra. We have also indicated
gating lattice beams, the experimental transmission speon the figure the expected position for g - resonance,

tra only display the), resonance. The disappearance ofwhich becomes practically unobservabledgsapproaches

the Q0 s resonance when the probe polarization is rotated,. More generally, we have investigated these new reso-
is a supplementary argument in support of this structure’sances for various values &f andé, in the rangd 5°-30°
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