
VOLUME 72, NUMBER 19 P H YSICAL R EV I EW LETTERS 9 MAY 1994

Recoil-Induced Resonances in Cesium: An Atomic Analog to the Free-Electron Laser
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%'e report on the first experimental observation of recoil-induced resonances. These resonances, which
can be considered as the atomic analog of the gain mechanism of the free-electron laser, are observed on
the transmission spectrum of a probe beam making a small angle with a one-dimensional lin J.lin cesium
optical molasses. They are interpreted either as stimulated Raman transitions between differently popu-
lated velocity groups (the internal atomic state being unchanged), or as stimulated Rayleigh resonances
originating from a bunching of the atomic density. Their shape provides information about the trans-
verse velocity distribution of the atoms.

PACS numbers: 32.80.Pj, 32.70.Jz, 41.60.Cr, 42.65.—k

The possibility of converting the kinetic energy of free
electrons into radiation energy is well known and has led

to the development of the free-electron laser [1]. The
gain mechanism of such a laser originates from energy
transfer between two counterpropagating electromagnetic
fields interacting with an ensemble of free electrons at
thermal equilibrium [2]. Two different, though equi-
valent, physical interpretations of the gain process are
found in the literature. The first one [2] is based on the
quantization of the electron translational degrees of free-
dom in momentum space. The laser action is then inter-
preted in terms of stimulated Compton scattering. In the
second interpretation [3], the electron translational de-

grees of freedom are described in position space and the
amplification process arises from a stimulated Rayleigh
scattering produced by a bunching of the electron density.
The possibility of observing an analogous gain mechanism
in the case of an atomic vapor was considered theoretical-
ly by Guo et al. [4], who showed that it should lead to a
new kind of resonance in nonlinear spectroscopy (called
recoil-induced resonance). In this Letter, we report on
what is, to our knowledge, the first unambiguous experi-
mental observation of these resonances. They are ob-
served on the transmission spectrum of a weak probe
beam interacting with a sample of laser-cooled cesium
atoms in the one-dimensional linilin geometry [5]. By
analogy with the free-electron laser, we show that the
recoil-induced resonances can be interpreted either in

terms of stimulated Raman scattering between differently
populated atomic velocity groups [4], or in terms of
stimulated Rayleigh scattering from a bunching of the
atomic density. Finally, we show that their shape pro-
vides information about the atomic velocity distribution.

Consider an ensemble of two-level atoms interacting
with a pump beam of frequency co and wave vector
k =ke„and a probe beam having the same polarization,
frequency co~ =co+ 8, and wave vector kp kp cosOe,
+k~sin8e~ [Fig. 1]. The central resonance of the probe
transmission spectrum results from two competing pro-
cesses: on one hand, a gain mechanism provided by
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FIG. 1. Recoil-induced resonances. (a) Scheme of the fields.
(b) and (c) Stimulated Raman transitions between free atomic
external states having energies E =p~~/2M. Because the popula-
tion of the velocity groups is a decreasing function of )p~~, there
is absorption of the high-frequency field and amplification of
the low-frequency field.

stimulated photon redistribution from the pump to the
probe beam associated with a change in atomic momen-
tum from p to p+ h (k —kr) (because of momentum con-
servation); on the other hand, an absorption mechanism
associated with the reverse process with modification of
the atomic momentum from p+h(k —kr) to p. Howev-
er, because the populations n(p) and n[p+ h (k —kr )] of
the initial and ftnal velocity groups of the scattering pro-
cess are generally diferent, one redistribution process
overcomes the other, and the probe beam eventually gains
(or loses) energy, proportionally to the population dif-
ference z(p) —z[p+ h(k —k~)]. The recoil-induced res-
onance results from these stimulated Raman scattering
processes, averaged over the total atomic momentum dis-
tribution. In the simple case where the angle 8 between
the pump and the probe beams is sufficiently small that
terms of the order of 8 can be neglected, it is straightfor-
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ward to derive the line shape of this resonance. Using en-
ergy and momentum conservation laws, one finds that the
elementary contribution of a given velocity group p cor-
responds to a Lorentzian Raman resonance centered
around 8=k8p~/M (where M is the atomic mass) and of
homogeneous width 2y (y is a typical population relaxa-
tion rate). As a result, the amplification coefficient of the
probe field is proportional to [4]

&/2
AA Qp

g(8) =- exp
2 h kgT kgv

$2
(2)

2(k8v)'

where ka is the Boltzmann constant and T is the temper-
ature of the atomic medium (kiiT=Mv ). The recoil-

induced resonance thus appears as a structure centered in

8=0 with a Gaussian derivative shape [4]. One notices
that the probe field experiences amplification when b'& 0
and attenuation when 8) 0, whatever the sign of the de-

tuning h, . The width 2k8v of the recoil-induced reso-

nance is proportional to the rms atomic velocity, and thus

gives in situ access to the atomic temperature. Moreover,
the primitive of the resonance profile exactly corresponds
to the atomic momentum distribution [6]. The amplitude
of the recoil-induced resonance is independent of the an-

gle 0 as long as y«k0v. Consequently, these resonances
can persist at the center of the probe transmission spec-
trum even for values of 0 as small as 10 rad. A small

but nonzero angle between the probe and the pump
beams can thus yield a probe transmission spectrum qual-

itativeIy difTerent from the one expected at zero angle [7].
We now present an interpretation of the recoil-induced
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y[z(p ) —x(p~ —Ak8)]
g(8) =

dpi' y'+(S —k8p /M)'

where 0 and Qz are, respectively, the resonance Rabi
frequencies for the pump and probe fields, and h, is the
frequency detuning from resonance (assumed to be much

larger than the natural width of the excited state). The
term in front of the integral corresponds to the usual Ra-
man coupling, proportional to the pump intensity times
the probe amplitude, and inversely proportional to the
square of the detuning. The integral over all atomic mo-

menta results from the fact that the levels involved in the
stimulated Raman processes belong to a continuum. If
z(p~) has a slow variation in the interval hk8, one can
substitute hk8el~(p„)/tip„ for z(p„) —z(p~ —hk8) into

Eq. (I ). By assuming a Maxwell-Boltzmann distribution
for the atomic momentum having a rms momentum Mv,
one then finds that the shape of the recoil-induced reso-
nance is a convolution product of a Lorentzian of width

2My/k8 and of the derivative of a Gaussian of width

2Mv. We restrict ourselves to the limit of small relaxa-
tion rate y«k&v which is equivalent to the large cavity
limit in the free-electron laser, yielding large ampli-

fication factors [2,3]. It allows us to substitute a Dirac
delta function for the Lorentzian in Eq. (I), which then

reads

resonances in classical terms by describing the atomic
system in position space. Combining the probe and the

pump fields, one obtains a wave whose intensity exhibits a

time and spatially modulated part (frequency 8, wave

vector kz
—k= 8ke~). This component leads to a trans-

verse spatial modulation of the light shifts of the atomic
internal states, which acts as a potential of depth

U~ =6 &&~/2~5~ for the atomic motion, and hence to a

spatial bunching of the atomic density in the transverse
direction. The subsequent diffraction of the pump beam
from this atomic density grating leads to a wave having
the same frequency and direction of propagation as the
probe beam. Because of the finite response time of the
medium (= I/y), the spatial modulation of the atomic
density is not in phase with the modulation of the light
shifts, so that the diffracted beam has a component in

phase with the probe, and can interfere with it [8]. Fol-
lowing Ref. [3], one can recover the shape of the recoil-
induced resonance in a quantitative way, by deriving the
atomic density in phase space from the classical
Boltzmann equation. Thus, two diff'erent though equi-
valent physical interpretations can be given, depending on

whether the derivation is carried in momentum or posi-
tion space. Recoil-induced resonances therefore provide a
new illustration of the counterintuitive duality between
stimulated Raman and Rayleigh scattering. Apart from
its intrinsic interest, this duality permits a more profound
understanding of these resonances. First, the dependence
of their amplitude on the atomic temperature becomes
clear when noticing that the Raman coupling term in

front of the integral (2) corresponds to the ratio U~/kg T,
which can be considered as a Boltzmann-type factor.
Second, the condition y«k0v for obtaining large reso-
nance amplitude can be reinterpreted since the ratio
k8v/y means that an atom typically experiences several

periods of the optical potential before its free motion is

modified significantly.
We now present the experimental setup that was used

to observe the recoil-induced resonances. The previously
discussed conditions required for the observation of these
resonances impose severe constraints on the experiment.
First, because the resonance amplitude is inversely pro-
portional to the atomic temperature [see Eq. (2)], we

used a laser-cooled sample of cesium atoms. However,
because such samples have low densities, the incoming

beams have to be nearly resonant. As a result, in an ex-
periment performed in the geometry of Fig. 1(a), the
atoms can be expelled from the interaction regin by radi-
ation pressure. To prevent this eAect, the pump beam
was reAected onto itself, but its linear polarization was

rotated by 90 . We thus obtained in a transient way a
one-dimensional lin J lin optical molasses [5], starting
from atoms cooled and loaded in a magneto-optical trap
[9]. In this geometry, however, additional Rayleigh reso-

nance (associated with the longitudinal atomic motion) is

expected at the center of the probe transmission spectrum

[IO, I I], which can prevent the observation of recoil-
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induced resonances (associated with the transverse atoin-
ic motion). In fact, it was shown recently [11,12] that for
a probe beam having the same linear polarization as the
copropagating pump beam [Fig. 1(b)l, these additional
resonances have generally an amplitude much smaller
than the recoil-induced resonances and opposite sign [13].
Second, because the recoil-induced resonances are associ-
ated with a free atoinic motion in the transverse direction,
the residual trapping fields that were used in [5] to damp
this motion and hence increase the lifetime of the mo-

lasses were here completely switched og (we have indeed
observed that the shape of the central resonance changes
dramatically in the presence of a weak residual trapping
field).

The central part of the probe transmission spectrum is

shown in Fig. 2 for different values of the frequency de-

tuning 6 and a pump intensity of 50 mW/cm . It
displays a resonant structure having a width of the order
of 10-20 kHz and an amplitude corresponding to a probe
gain of = 10 . In each case, the central resonance has
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(a) Scheme of the fields in the experiment. Cential
resonance of the probe transmission spectrum versus 8 co —mP
(sweeping rate: 60 kHz/ms) for 6/I = —lO (b), —22 (c), and
+7 (d). The intensities of the pump and the probe beams are,
respectively, 50 mW/cm and O. l mW/cm2, and 8=2.3'. The
fit with the derivative of a Gaussian is shown in solid lines. We
show in (b) the best fit with a dispersion (dashed line), which
corresponds to the usual shape of central resonances in non-
linear spectroscopy. The comparison clearly shows that the
derivative of a Gaussian is in better agreement with experimen-
tal observations. The curve in (e) is obtained in the same condi-
tions as (b), but for the fact that the probe is applied l ms after
the pump beams. The difference in width results from trans-
verse heating.

a shape which shows a very good fit with a derivative of a

Gaussian. Furthermore, probe gain is always observed

for 8» 0, whatever the sign of the frequency detuning

These features were observed in the ~hole range of pa-
rameters 51 6 (h) ~ 30I and 5 mW/cm ~1~ 50 mW/

cm that we have studied, and are consistent with recoil-

induced resonances [14]. We performed different tests of
the proportionality between the width of the resonance
and the Doppler width of the atomic medium k8v. First,
the atomic temperature deduced from the resonance
widths of Figs. 2(b) and 2(c) is found to be equal to
=0.1 mK, a typical temperature in a magneto-optical
trap. In addition, when changing the temperature of the
cloud of trapped atoms, the resonance width was observed
to vary accordingly. Second, in the interval 2' ~ 8~ 6',
the resonance width was observed to vary linearly with 0,
as expected. Third, probe transmission spectra were

recorded at different times after the trapping beams had

been switched off. In this case, transverse heating occurs
because of absorption-spontaneous emission cycles, which

increase the rms velocity v along the y axis and lead to a
broader central resonance, as was observed experimental-

ly [Figs. 2(b) and 2(e)]. Another piece of information

can be deduced from the widths of the curves in Fig. 2.
Because these widths are typically of the order of 10 kHz,
and because the resonances have the shape of a Gaussian
derivative, one deduces that the homogeneous width yis
smaller than 2trx 10 s ' and thus is much smaller than
the total scattering rate I

' (which is of the order of 10
s '). This feature cannot be accounted for by any local-
ization egect leading to a Lamb-Dicke narrowing of the
resonance as in [5,10], because atomic motion is free
along the transverse direction. The occurrence of long
evolution times can here be associated with the atomic
momentum distribution's being much larger than Ak. As
a result, the distribution of populations and coherences
between external states having neighboring momenta
does not change very much after an absorption-
spontaneous emission cycle; hence the relaxation of these
quantities involves many scattering processes.

In the case of two-dimensional (2D) molasses, a simi-

lar recoil-induced resonance is expected when the probe
beam does not propagate in the plane of the molasses
beams. In the case of 3D optical molasses or lattices (as
well as 2D molasses when the probe and the molasses
beams propagate in the same plane), it seems more ap-
propriate to describe the central resonance in terms of
stimulated Rayleigh scattering, by using a 3D generaliza-
tion of the approach described in Ref. [10]. However, the
contribution to the central resonance of the unbound
atoms can exhibit properties analogous to recoil-induced
resonances [15].

The interest of the recoil-induced resonances goes far
beyond the interpretation of pump-probe spectra of opti-
cal molasses. It is a powerful tool for characterizing the
momentum distribution of a system which may prove in-

teresting as a substitute for the time of flight technique
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for temperature measurements in optical molasses. In
fact, its range of application is broader than laser-cooled
atomic samples. It might be used to probe the mornen-
tum distribution of atoms of molecules cooled by cryo-
genic techniques, even by using very off-resonant lasers.
For example, using the green line of an Ar+ laser in a
cavity of Q factor 100 and cold polarized hydrogen [16],
one expects a probe gain of the order of 10 -10
which is small but still seems measurable.
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