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Radiation Pressure in a Rubidium Optical Lattice: An Atomic Analog
to the Photorefractive Effect
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Probe gain in a rubidium optical lattice is observed when the probe and lattice beams have identical
frequencies. This effect is shown to arise from the radiation pressure that shifts the atomic density
distribution with respect to the optical potential. This effect is compared with two-beam coupling in
photorefractive materials. The experimental results obtained by changing the parameters of the optical
lattice (intensity, detuning, periodicity) are in reasonable agreement with numerical simulations based
on the model case of B/2 — 3/2 atomic transition.  [S0031-9007(97)03427-3]

PACS numbers: 32.80.Pj, 32.60.+i, 42.65.Hw

Two-beam coupling [1] betweefnequency-degenerate the Poisson equatiorV] - (¢E) = p], the spatially vary-
laser beams is one of the most intriguing phenomena img charge distributiono(r) gives rise to a nonuniform
nonlinear optics. Owing to the apparent symmetry ofelectric field E(r), which is phase shiftedr/2 with re-
the interaction between two such beams and a nonlineapect ta/(r). Finally, E(r) yields a proportional refractive
medium, one indeed expects no net power transfer to takedex gratingn(r) through the linear electro-optic effect
place between the laser waves. Of course, the symmetfPockels effect). Thus, by transforming an incident inter-
can be broken through the intensity, direction, or polarizaference patterii(r) into a s /2 phase-shifted grating(r),
tion of the beams. Still, the possibility of observing an ac-the photorefractive effect allows power exchange between
tual amplification of one wave at the expense of the othefrequency-degenerate laser beams [3].
is a rather uncommon phenomenon. This can be better In this Letter, we present and experimentally demon-
understood by identifying the conditions required in suchstrate an analog of this seemingly very peculiar effect in
a process. The intensity attenuation or amplification of @he case of an atomic gaseous medium. More precisely, we
laser beam during propagation through a material mediurahow that the transmission spectrum of a weak probe beam
arises from the existence of a macroscopic polarizatiotinteracting with a standard three-dimensional linin op-

(i) having the same characteristics (frequency and wavécal lattice [4] can display a narrolorentzian-likecentral
vector) as the incident beam, (ii) but havingrd2 phase- resonance. The probe gain in the frequency-degenerate
shifted component with respect to this beam. In the moreegime can reach up to 10% and can be interpreted as a
particular case of two-beam coupling where the intensitywo-beam coupling process involving the creation of an
modification only occurs in the presence of a supplemenatomic density (or equivalently a refractive index) grat-
tary beam, the polarization of interest is necessarily noning phase shiftedr /2 with respect to the stationary probe-
linear in nature. Although nonlinear interactions naturallylattice wave. We show that this phenomenon arises from
provide polarization components fulfilling requirement (i) theradiation pressureexerted by the probe-lattice pattern
through the creation of gratings in the material medium byonto the atoms. This proves that the dissipative forces, al-
the interference pattern between the incident waves, corthough generally neglected, can have a dramatic effect on
dition (i) is very seldom fulfilled because, most generally,the spatial distribution of atoms in optical lattices. Fur-

a stationary interference pattern (the incident laser beanmbermore, we show that the width of the central resonance
have the same frequency) can only indlcer 7= phase- is related to the spatial diffusion tensor [5] of the atoms in
shifted steady-state material gratings. the lattice, which can thus be investigated directly.

The photorefractive effect [2] taking place in some par- Standard four-beam optical lattices [4] consisting of
ticular crystals such as LiNbQOor BaTiO; is one (if not  two x-polarized beams propagating in th@z plane and
the only) outstanding counterexample of this intuitive genmaking an angle€é,, and twoy-polarized beams propa-
eral property. In such crystals, the spatially modulated ingating in thexOz plane and making an angl®, [see
tensity distribution(r) due to the interference between Fig. 1(a)], have been intensively investigated during the
the two incident beams generates charge carriers in tHast few years. Many properties of this system have
conduction band through photoexcitation, at a rate probeen already revealed: oscillating motion of the atoms in
portional to the local value of the optical intensity. Be-the optical potential wells associated with the light shifts
cause of spatial diffusion through the crystal, the carrier$6,7], narrowing of the vibrational lines due to strong
migrate towards points of smaller intensity where they respatial confinement at the bottom of the wells [8], para-
combine with donors. Thisresults inacharge density)  magnetic behavior [9], long range spatial order [10], propa-
exhibiting am phase shift with respect tqr). Because of gating elementary excitation modes [11], etc. Curiously
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the previously reported Raman [6,7] and Brillouin-like
[11] resonances, together with a narrow central structure
having a very unusual shape. A magnification of this
resonance is displayed in the inset of Fig. 1(b), where it
appears as an almost pure Lorentzian structure having a
HWHM of 1.4 kHz superimposed on a background slope
originating from a much broader dispersivelike resonance.
Very surprisingly, the amplification of the probe is maxi-
mum when its frequency equals that of the lattice beams,
in contrast with the dispersivelike stimulated Rayleigh
resonances previously reported in optical lattices [6,8], cor-
responding to zero probe gain in the frequency-degenerate
regime. Where does such an unusual observation come
from?

Optical pumping, as well as radiation pressure, involves
photon absorption and is thus proportional to the light
intensity. The dipole potential arises from the interaction
of the laser electric field with the laser-induced atomic
dipole and is also proportional to the light intensity. The
dipole force, which derives from the dipole potential,
is therefore phase shiftegt/2 with respect to the laser
intensity, hence to the radiation pressure force. Because
when neglecting radiation pressure, the atomic density
has extrema at points where the dipole force vanishes,
it turns out thatradiation pressureis the only possible
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=00 -200 100 S (kOHZ) 100200 300 mechanism leading to a phase shift of the atomic density

o ) o distribution with respect to astationary pump-probe
FIG. 1. Probe transmission spectroscopy in a 3Difin  intensity modulation, hence for the nonzero probe gain

rubidium lattice. (a) Interaction geometry. The probe bea

m
propagates along the symmetry axis of the lattice, making at the center of the spectrum. — .
an angle ., with the nearly copropagating lattice beams. ©One can wonder why these radiation-pressure induced

(b) Probe transmission spectrum recorded dfor= 6, = 20°,  central resonances have not been discussed previously. It
a lattice beams intensity = 5 mW .cmfz, and a frequency is usually argued that because the radiation pressure force
detuningA = —5I'. One clearly distinguishes Ramdfdz)  scales agI'/A2, whereas the dipole force scales/gs,

and Brillouin-like (23) resonances, together with a remarkably . - o
narrow central resonance structure displayed in the inset. ThE! the usual experimental conditions whexe> 1, radia

fit using an adjustable superposition of a Lorentzian and &/ON Ppressure is negligible compared to the dipole force.
dispersion having the same width shown in the inset proves thdf fact, this argument is only partially correct as it omits
the resonance is very close to a Lorentzian. This resonance h#ise influence of the laser interaction geometry. Consider
a HWHM of 1.4 kHz and corresponds to a probe amplificationg pump and a probe beam having wave veckoendk ,
of 5%. and frequenciew andw, = w + §, respectively. The
modulated part of the light intensity arising from their
enough, no systematic study of the central part of probénterference takes the forir) « ,/II, co§ér — (k, —
transmission spectra in a four-beam optical lattice has beek) - r]. As a result, the modulated part of the dipole
reported so far, although it is known to provide unique in-force readsF,(r) o« [\/IT,/A](k, — k)sinér — (k, —
formation about transport properties of the atoms [8,12]k) - r], where thek, — k factor is reminiscent of the
It turns out that in the limit of smalb, and 6, angles dipole force being due to photon redistribution processes
and in the situation where the probe beam propagatdsetween the pump and probe waves, hence a wave-vector
along the symmetry axig)z, with the same polarization difference. By contrast, the modulated part of the radiation
as the nearly copropagating lattice fields, the central fegpressure force takes the fodn(r) = [\/TT, I'/A?] (k, +
ture of the spectra displays outstanding characteristics. We)cogér — (k, — k) - r], where thek,, + k factor ac-
show in Fig. 1(b) a transmission spectrum recorded folcounts for anidentical enhancement or reduction in the
lowing the experimental procedure described in [6] in anumber of photons absorbed in each of the two waves,
rubidium lattice withd, = 6, = 20°, a lattice beams in- hence a sum of wave vectors. The actual condition for
tensity / = 5 mWcm 2, and a red frequency detuning the radiation pressurmotto be negligible compared to the
A = —5I" between the lattice beams and th&,F =  dipole force is thus\/I" = |k, + k|/|k, — k| which is
2 — 5P3,F' = 3resonance frequency 8fRb (I': natural  much less stringent thaa/T" = 1 when |k, — k| hap-
linewidth of the excited state). One clearly distinguishespens to be small, i.e., when the pump-probe angle is small.
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It is also legitimate to wonder what the width of the the laser parameters and geometry, one finds that in the
central resonance corresponds to. In order to answer thisnall angle limit
question, we will make use of a phenomenological de-
scription of the atomic dynamics in the lattice. We con- <D +D 9_2> P4 <,3 Iy ) Y’
sider a two-dimensional model where the atoms propagaté’7 * “4)y2+ 82 A %)y + 82
in the x-z plane connecting the potential minima. The (4)
atomic density distributio®(r, ) is supposed to obey the
following Fokker-Planck equation: where B8 is a numerical factor of the order df depen-
dent on the atomic transition. The first term in (4) can be
P +V-J=0, (1)  traced back to the dipole force and contributes to the spec-
trum in the form of a conventional dispersive central reso-
Ji = =Dila;P = P(Fa; + Fri)/ksT]. (2) nance, whereas the second term arising from the radiation
pressure effect along has a Lorentzian contribution to
e spectrum [15]. It is important to note that both struc-
res have the same width= k26%(D, + D.6%/4) cor-
responding to atomic spatial diffusion on the scale of the
pump-probe interference periodicitk:(modulus of the
probe and lattice beams wave vectors).

In Eq. (2),J;, Fs;, and F,,; denote thei component of
the flux and of the dipole and radiation pressure forcet}h
experienced by the atoms in the presence of the lattic
and probe fieldsD; is the spatial diffusion coefficient
of the atoms in the lattice along thedirection, kg is
the Boltzmann constant, arfd is the lattice temperature ;
[13]. We solve Eq. (1) by using perturbation theory, with We now compare Eq. (4) against the results of our ex-

the ratioe between the probe and lattice field amplitudespe”ments' According to our S'"?p"f'e‘?' model, the s_hape
as the small parameter. Assumifig— 6, — 6 so that of the central resonance has a dispersion to Lorentzian ra-

H — 2
the mean value oF, cancels at zeroth order ia and tio R = A(D, + D.6°/4)/BT'D, and thus evolves from

denoting by U®(r) the lowest optical potential due to a Lorentzian toward a dispersion as the frequency detun-

the lattice field alone, the stationary solution of (1) in'NY of the lasers increases. We have performed a first

the absence of the probe is found to take the WeII-knowr?erie.S of experiments in the lattice geometry_o_f Fig. 1 by
form PO(r) o exd—UO(r)/ksT]. To first order ine,  arying the laser parametefsandA . In fact, it is gen-

the dipole and radiation pressure forces are modified ir‘?ra”y.more releyqnt physically to use two dimensionles;
the form quantities combining these parameters, namely, the opti-

cal potential depthl{,) in units of the one-photon recoil
energyUy/Er « I/A and the frequency detuning in units

1) _ (l) . . . N
For,1) Z fi"exd—ior + ik, = ki) - r] + c.c. of the linewidth of the excited statd/I". We show in

i=1,2 . . .
(3)  Fig. 2(a) the evolution oR versusA /T asU,/Ey is kept
= Z ffl) exd—iér + iK; - r] + c.c, constant {y/Er = 1200), i.e., constant lattice topogra-
i=12 phy. It clearly appears that the resonance tends to dis-

tort from a Lorentzian to a conventional dispersion shape
as the frequency detuning increases. At the same time,
v decreases with the detuning before smoothly increas-
ing in the limit of large detunings [Fig. 2(b)]. We also
a) . . , performed a series of experiments by varying indepen-
F,, f4; is purely imaginary and has components alang gentjy theg, andg, angles of the tetrahedron in the range
a(r11)dz proportional toK; . andK; ., respectively, whereas ,yo_z0° \we observed that to a good approximation, the
f,; is purely real and its dominant component is alignedwidth and the shape of the central resonance are only de-
along Oz. Equation (1) can then be conveniently solvedpendent org, no matter the value df,, as expected [16].
by writing PV in the form Finally, we have performed numerical simulations of
the probe transmission spectrum using the semiclassical
PO, 1) = Z p<0>(r)al(.1) exd—idt + iK; - r] + c.c, Monte Carlo simulation technique on the model case of a

where K; is the difference between the probk,j and
either of the nearly colinear lattice wave vectoks @nd
k,), which contribute independently tB""). Note that
because of the previously mentioned propertiek poand

=12 J =1/2 —J' = 3/2 transition [17,18]. The theoretical
_ _ _ _ variations ofR andy shown in Figs. 2(c) and 2(d) appear
which yields after a straightforward calculation [14] to be in reasonable agreement with the experimental

DKk D DK . .k £V results [19], in spite of the difference between the model
—i DiKinfaix +2 z i’zfdsé"z + D f’Zf"’i’Z. and the actual rubidium transition. In the course of
kgT D.K;y + D.K;, — id these simulations, we checked that the Lorentzian shape
inall : he f hat th b . resonancelisappearsvhen the term corresponding to the
Fina Y, using t_ e fact that t € pro € transmission Spec,giation pressure force alomy, is erased in the program.
trum is proportional to the imaginary componentat  This is a supplementary proof of the physical origin of the
N 23 )
and taking into account the dependencd gfandf,; on  resonance.

n _
a;, =
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FIG. 2. Variation of the dispersion to Lorentzian rakoand
the width y of the central resonance versdgI". The data
correspond to the same optical potential depth= 1200Ek.
(a,b) Experimental points recorded far, = 6, = 20° (full
dots) and#, = 6, = 30° (full squares) in the case of the

2 — 3 transition of rubidium. (c,d) Results from a numerical [15]

simulation performed for the same angles in the model case of
al/2 — 3/2 transition /., has been expressed in kHz using
the recoil frequency of rubidium). The dashed lines are guides
to the eye in all four figures.

[16]

In conclusion, we have observed a novel stimulated scat-
tering process that shares several characteristics with the

photorefractive effect. However, whereas the photorefrac-
tive effect relies on charged carriers and the electro-optic
effect, radiation pressure-induced two-beam coupling in-
volves the mechanical effect of photon absorption on neu-
tral atoms. Still, the result presented in this Letter is a new

example of the amazing analogies between condenseﬁ-n

matter systems and optical lattices.
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Europhys. Lett22, 89 (1994). The characteristics of their
resonances are quite different from those reported here.
Note that this model is somewhat oversimplified in that it
does not take into account optical pumping processes and
that it assumes isotropic thermal equilibrium in the lattice
and a diagonal spatial diffusion tensor.

The calculation makes use of a Fourier expansion.
The coefficienta,(-l) is obtained through the component
oscillating as exp-iét + iK; - r]. In addition, the term
D.K; fﬁ,l,-),x is neglected compared ©.K; , ff,l,-),z because

in the present lattice geometr, < D, as a result from
the strong suppression of optical pumping in they
directions [Y. Castiret al., Phys. Rev. A50, 5092 (1994)].

It can be readily shown that the direction of the energy
exchange between the frequency-degenerate pump and
probe is only determined by the relative magnitude of
components of their wave vectors along the symmetry
axis, Oz.

In the investigated range of laser parameters, the depen-
dence ofy with @ is essentially compatible with &2
law. This seems to indicate that the atomic density grat-
ing mainly relaxes through spatial diffusion along the
direction. In the framework of the simplified model it is
possible to deduc®, andD, for each value of), Uy/Eg,
A/T from the measurements & and vy, provided, how-
ever, that the value o8 is estimated, which is a difficult
task in the case of the — 3 atomic transition of our
experiment.
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We attribute the discrepancy between theory and experi-
ment in the large detuning behavior pfto the difference

in the atomic transitions. In particular, the multipoten-
tial nature of laser cooling typical of transitions with large
angular momenta like in rubidium are not accounted for
in our 1/2 — 3/2 model. The increasing influence of
the F = 2 — F’ = 2 atomic transition of rubidium as the
laser detuning increases may also affect the results.



