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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 identic
frequencies. This effect is shown to arise from the radiation pressure that shifts the atomic densi
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 opti
lattice (intensity, detuning, periodicity) are in reasonable agreement with numerical simulations base
on the model case of a1y2 ! 3y2 atomic transition. [S0031-9007(97)03427-3]
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Two-beam coupling [1] betweenfrequency-degenerate
laser beams is one of the most intriguing phenomena
nonlinear optics. Owing to the apparent symmetry o
the interaction between two such beams and a nonline
medium, one indeed expects no net power transfer to ta
place between the laser waves. Of course, the symme
can be broken through the intensity, direction, or polariz
tion of the beams. Still, the possibility of observing an ac
tual amplification of one wave at the expense of the oth
is a rather uncommon phenomenon. This can be bet
understood by identifying the conditions required in suc
a process. The intensity attenuation or amplification of
laser beam during propagation through a material mediu
arises from the existence of a macroscopic polarizatio
(i) having the same characteristics (frequency and wa
vector) as the incident beam, (ii) but having apy2 phase-
shifted component with respect to this beam. In the mo
particular case of two-beam coupling where the intensi
modification only occurs in the presence of a suppleme
tary beam, the polarization of interest is necessarily no
linear in nature. Although nonlinear interactions naturall
provide polarization components fulfilling requirement (i
through the creation of gratings in the material medium b
the interference pattern between the incident waves, co
dition (ii) is very seldom fulfilled because, most generally
a stationary interference pattern (the incident laser bea
have the same frequency) can only induce0 or p phase-
shifted steady-state material gratings.

The photorefractive effect [2] taking place in some pa
ticular crystals such as LiNbO3 or BaTiO3 is one (if not
the only) outstanding counterexample of this intuitive gen
eral property. In such crystals, the spatially modulated i
tensity distributionIsrd due to the interference between
the two incident beams generates charge carriers in
conduction band through photoexcitation, at a rate pr
portional to the local value of the optical intensity. Be
cause of spatial diffusion through the crystal, the carrie
migrate towards points of smaller intensity where they re
combine with donors. This results in a charge densityrsrd
exhibiting ap phase shift with respect toIsrd. Because of
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the Poisson equation [, ? s´Ed ­ r], the spatially vary-
ing charge distributionrsrd gives rise to a nonuniform
electric field Esrd, which is phase shiftedpy2 with re-
spect toIsrd. Finally,Esrd yields a proportional refractive
index gratingnsrd through the linear electro-optic effec
(Pockels effect). Thus, by transforming an incident inte
ference patternIsrd into apy2 phase-shifted gratingnsrd,
the photorefractive effect allows power exchange betwe
frequency-degenerate laser beams [3].

In this Letter, we present and experimentally demo
strate an analog of this seemingly very peculiar effect
the case of an atomic gaseous medium. More precisely
show that the transmission spectrum of a weak probe be
interacting with a standard three-dimensional lin' lin op-
tical lattice [4] can display a narrowLorentzian-likecentral
resonance. The probe gain in the frequency-degene
regime can reach up to 10% and can be interpreted a
two-beam coupling process involving the creation of
atomic density (or equivalently a refractive index) gra
ing phase shiftedpy2 with respect to the stationary probe
lattice wave. We show that this phenomenon arises fr
the radiation pressureexerted by the probe-lattice patter
onto the atoms. This proves that the dissipative forces,
though generally neglected, can have a dramatic effec
the spatial distribution of atoms in optical lattices. Fu
thermore, we show that the width of the central resonan
is related to the spatial diffusion tensor [5] of the atoms
the lattice, which can thus be investigated directly.

Standard four-beam optical lattices [4] consisting
two x-polarized beams propagating in theyOz plane and
making an angle2uy, and twoy-polarized beams propa
gating in thexOz plane and making an angle2ux [see
Fig. 1(a)], have been intensively investigated during t
last few years. Many properties of this system ha
been already revealed: oscillating motion of the atoms
the optical potential wells associated with the light shi
[6,7], narrowing of the vibrational lines due to stron
spatial confinement at the bottom of the wells [8], par
magnetic behavior [9], long range spatial order [10], prop
gating elementary excitation modes [11], etc. Curious
© 1997 The American Physical Society 4709



VOLUME 78, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 23 JUNE 1997

m

ly

h
h

b

t

W

e
re

is
it

g a
e
e.

i-
s,

h
r-
ate
me

es
ht
n
ic
e
l,

se
ity
es,

ity

in

ed
. It
rce

e.
s
er

r

e

es
ctor
on

es,
or

all.
FIG. 1. Probe transmission spectroscopy in a 3D lin' lin
rubidium lattice. (a) Interaction geometry. The probe bea
propagates along the symmetry axisOz of the lattice, making
an angle ux with the nearly copropagating lattice beams
(b) Probe transmission spectrum recorded forux ­ uy ­ 20±,
a lattice beams intensityI ­ 5 mW cm22, and a frequency
detuning D ­ 25 G. One clearly distinguishes RamansVRd
and Brillouin-like sVBd resonances, together with a remarkab
narrow central resonance structure displayed in the inset. T
fit using an adjustable superposition of a Lorentzian and
dispersion having the same width shown in the inset proves t
the resonance is very close to a Lorentzian. This resonance
a HWHM of 1.4 kHz and corresponds to a probe amplificatio
of 5%.

enough, no systematic study of the central part of pro
transmission spectra in a four-beam optical lattice has be
reported so far, although it is known to provide unique in
formation about transport properties of the atoms [8,12
It turns out that in the limit of smallux and uy angles
and in the situation where the probe beam propaga
along the symmetry axis,Oz, with the same polarization
as the nearly copropagating lattice fields, the central fe
ture of the spectra displays outstanding characteristics.
show in Fig. 1(b) a transmission spectrum recorded fo
lowing the experimental procedure described in [6] in
rubidium lattice withux ­ uy ­ 20±, a lattice beams in-
tensity I ­ 5 mW cm22, and a red frequency detuning
D ­ 25G between the lattice beams and the5S1y2F ­
2 ! 5P3y2F0 ­ 3 resonance frequency of87Rb (G: natural
linewidth of the excited state). One clearly distinguishe
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the previously reported Raman [6,7] and Brillouin-lik
[11] resonances, together with a narrow central structu
having a very unusual shape. A magnification of th
resonance is displayed in the inset of Fig. 1(b), where
appears as an almost pure Lorentzian structure havin
HWHM of 1.4 kHz superimposed on a background slop
originating from a much broader dispersivelike resonanc
Very surprisingly, the amplification of the probe is max
mum when its frequency equals that of the lattice beam
in contrast with the dispersivelike stimulated Rayleig
resonances previously reported in optical lattices [6,8], co
responding to zero probe gain in the frequency-degener
regime. Where does such an unusual observation co
from?

Optical pumping, as well as radiation pressure, involv
photon absorption and is thus proportional to the lig
intensity. The dipole potential arises from the interactio
of the laser electric field with the laser-induced atom
dipole and is also proportional to the light intensity. Th
dipole force, which derives from the dipole potentia
is therefore phase shiftedpy2 with respect to the laser
intensity, hence to the radiation pressure force. Becau
when neglecting radiation pressure, the atomic dens
has extrema at points where the dipole force vanish
it turns out thatradiation pressureis the only possible
mechanism leading to a phase shift of the atomic dens
distribution with respect to astationary pump-probe
intensity modulation, hence for the nonzero probe ga
at the center of the spectrum.

One can wonder why these radiation-pressure induc
central resonances have not been discussed previously
is usually argued that because the radiation pressure fo
scales asIGyD2, whereas the dipole force scales asIyD,
in the usual experimental conditions whereD ¿ G, radia-
tion pressure is negligible compared to the dipole forc
In fact, this argument is only partially correct as it omit
the influence of the laser interaction geometry. Consid
a pump and a probe beam having wave vectorsk andkp

and frequenciesv andvp ­ v 1 d, respectively. The
modulated part of the light intensity arising from thei
interference takes the formIsrd ~

p
IIp cosfdt 2 skp 2

kd ? rg. As a result, the modulated part of the dipol
force readsFdsrd ~ f

p
IIpyDg skp 2 kd sinfdt 2 skp 2

kd ? rg, where thekp 2 k factor is reminiscent of the
dipole force being due to photon redistribution process
between the pump and probe waves, hence a wave-ve
difference. By contrast, the modulated part of the radiati
pressure force takes the formFrsrd ~ f

p
IIp GyD2g skp 1

kd cosfdt 2 skp 2 kd ? rg, where thekp 1 k factor ac-
counts for anidentical enhancement or reduction in the
number of photons absorbed in each of the two wav
hence a sum of wave vectors. The actual condition f
the radiation pressurenot to be negligible compared to the
dipole force is thusDyG # jkp 1 kjyjkp 2 kj which is
much less stringent thanDyG # 1 when jkp 2 kj hap-
pens to be small, i.e., when the pump-probe angle is sm
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It is also legitimate to wonder what the width of the
central resonance corresponds to. In order to answer t
question, we will make use of a phenomenological de
scription of the atomic dynamics in the lattice. We con
sider a two-dimensional model where the atoms propaga
in the x-z plane connecting the potential minima. The
atomic density distributionPsr, td is supposed to obey the
following Fokker-Planck equation:

≠tP 1 = ? J ­ 0 , (1)

Ji ­ 2Dif≠iP 2 PsFd,i 1 Fr ,idykBT g . (2)

In Eq. (2), Ji , Fd,i , and Fr ,i denote thei component of
the flux and of the dipole and radiation pressure force
experienced by the atoms in the presence of the latti
and probe fields,Di is the spatial diffusion coefficient
of the atoms in the lattice along thei direction, kB is
the Boltzmann constant, andT is the lattice temperature
[13]. We solve Eq. (1) by using perturbation theory, with
the ratioe between the probe and lattice field amplitude
as the small parameter. Assumingux ­ uy ­ u so that
the mean value ofFr cancels at zeroth order ine and
denoting byUs0dsrd the lowest optical potential due to
the lattice field alone, the stationary solution of (1) in
the absence of the probe is found to take the well-know
form Ps0dsrd ~ expf2Us0dsrdykBT g. To first order ine,
the dipole and radiation pressure forces are modified
the form

Fs1dsr, td ­
X

i­1,2

f
s1d
i expf2idt 1 iskp 2 kid ? rg 1 c.c.

;
X

i­1,2

f
s1d
i expf2idt 1 iKi ? rg 1 c.c.,

(3)

where Ki is the difference between the probe (kp) and
either of the nearly colinear lattice wave vectors (k1 and
k2), which contribute independently toFs1d. Note that
because of the previously mentioned properties ofFd and
Fr , f

s1d
d,i is purely imaginary and has components alongx

andz proportional toKi,x andKi,z , respectively, whereas
f

s1d
r ,i is purely real and its dominant component is aligne

alongOz. Equation (1) can then be conveniently solve
by writing Ps1d in the form

Ps1dsr, td ­
X

i­1,2

Ps0dsrdas1d
i expf2idt 1 iKi ? rg 1 c.c.,

which yields after a straightforward calculation [14]

a
s1d
i ­

2i
kBT

DxKi,xf
s1d
d,i,x 1 DzKi,zf

s1d
d,i,z 1 DzKi,zf

s1d
r ,i,z

DxK2
i,x 1 DzK2

i,z 2 id
.

Finally, using the fact that the probe transmission spe
trum is proportional to the imaginary component ofa

s1d
i

and taking into account the dependence off
s1d
d,i andf

s1d
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the laser parameters and geometry, one finds that in t
small angle limit

gp ~

µ
Dx 1 Dz

u2

4

∂
gd

g2 1 d2
1

µ
b

G

D
Dz

∂
g2

g2 1 d2
,

(4)

where b is a numerical factor of the order of1 depen-
dent on the atomic transition. The first term in (4) can b
traced back to the dipole force and contributes to the spe
trum in the form of a conventional dispersive central reso
nance, whereas the second term arising from the radiati
pressure effect alongz has a Lorentzian contribution to
the spectrum [15]. It is important to note that both struc
tures have the same widthg ­ k2u2sDx 1 Dzu2y4d cor-
responding to atomic spatial diffusion on the scale of th
pump-probe interference periodicity (k: modulus of the
probe and lattice beams wave vectors).

We now compare Eq. (4) against the results of our ex
periments. According to our simplified model, the shap
of the central resonance has a dispersion to Lorentzian r
tio R ­ DsDx 1 Dzu2y4dybGDz and thus evolves from
a Lorentzian toward a dispersion as the frequency detu
ing of the lasers increases. We have performed a fir
series of experiments in the lattice geometry of Fig. 1 b
varying the laser parametersI andD . In fact, it is gen-
erally more relevant physically to use two dimensionles
quantities combining these parameters, namely, the op
cal potential depth (U0) in units of the one-photon recoil
energyU0yER ~ IyD and the frequency detuning in units
of the linewidth of the excited stateDyG. We show in
Fig. 2(a) the evolution ofR versusDyG asU0yER is kept
constant (U0yER ­ 1200), i.e., constant lattice topogra-
phy. It clearly appears that the resonance tends to d
tort from a Lorentzian to a conventional dispersion shap
as the frequency detuning increases. At the same tim
g decreases with the detuning before smoothly increa
ing in the limit of large detunings [Fig. 2(b)]. We also
performed a series of experiments by varying indepen
dently theux anduy angles of the tetrahedron in the range
20± 40±. We observed that to a good approximation, th
width and the shape of the central resonance are only d
pendent onux no matter the value ofuy , as expected [16].

Finally, we have performed numerical simulations o
the probe transmission spectrum using the semiclassic
Monte Carlo simulation technique on the model case of
J ­ 1y2 ! J 0 ­ 3y2 transition [17,18]. The theoretical
variations ofR andg shown in Figs. 2(c) and 2(d) appear
to be in reasonable agreement with the experiment
results [19], in spite of the difference between the mode
and the actual rubidium transition. In the course o
these simulations, we checked that the Lorentzian sha
resonancedisappearswhen the term corresponding to the
radiation pressure force alongOz is erased in the program.
This is a supplementary proof of the physical origin of the
resonance.
4711
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FIG. 2. Variation of the dispersion to Lorentzian ratioR and
the width g of the central resonance versusDyG. The data
correspond to the same optical potential depthU0 ­ 1200ER.
(a,b) Experimental points recorded forux ­ uy ­ 20± (full
dots) and ux ­ uy ­ 30± (full squares) in the case of the
2 ! 3 transition of rubidium. (c,d) Results from a numerical
simulation performed for the same angles in the model case
a 1y2 ! 3y2 transition (gtheo has been expressed in kHz using
the recoil frequency of rubidium). The dashed lines are guide
to the eye in all four figures.

In conclusion, we have observed a novel stimulated sca
tering process that shares several characteristics with t
photorefractive effect. However, whereas the photorefrac
tive effect relies on charged carriers and the electro-opt
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 condense
matter systems and optical lattices.
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