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We present an overview of the investigations on the transport of near-resonant light in
laser-cooled atomic vapors, a field that emerged during the past decade. We first discuss
time-resolved measurements yielding some informations on the nature of this transport,
which is quasi-diffusive for low temperatures and limited optical thicknesses. We then
focus on the coherence of the transport, which is probed using the coherent backscat-
tering interference. We identify and analyze in detail several mechanisms limiting the
coherence length in such media.
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1. Introduction

Coherent wave transport in disordered scattering media has been the object of
an intense scrutiny for the past decades. This interest was initially fuelled by the
possibility to observe interferential corrections to the usual diffusive transport. For
very strongly scattering media, interferences are expected to induce in 3D a phase
transition between a conducting state (usual diffusive transport) and an insulating
state (strong or Anderson localization1) where transport is suppressed and waves
exist inside the medium in localized states.

The universal character of this physical situation makes it relevant for a vast va-
riety of wave-scatterer systems: seismic waves in the earth crust,2 acoustic waves,3

electronic waves in metals or semi-conductors,4 atomic matter waves in disordered
light potentials,5 microwaves6 and light waves scattering off various media rang-
ing from milk to interplanetary dust.7 Electromagnetic waves have emerged as an
appropriate tool to study localization effects due to the non-interacting charac-
ter of photons and the flexibility they offer in experiments. Strong localization
was observed with microwaves in quasi-1D systems,6 and also reported for light in
3D.8 Recent experimental results now provide quite convincing evidence for strong
localization of light in 3D.9

Among the great variety of scattering media employed to study light transport,
cold atomic vapors have recently appeared.10 Several unusual properties initially
motivated our interest in such “exotic” scattering media. First, atoms behave like
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true point scatterers. It is possible to start from the accurate microscopic descrip-
tion of an atom to derive the full mesoscopic transport properties of large samples.
Cold atomic ensembles constitute very “pure” samples, without the polydispersiv-
ity and defects that usually plague solid-state physics samples. For instance, the
absence of absorption is a definite advantage when looking for signatures of strong
localization.8 Cold atoms are known for the degree of control and the possibility
of parameter tuning that can be achieved in experiments. As an example, the very
sharp resonance of the atomic scatterer allows for a continuous, external tuning of
the scattering cross-section via the light frequency over orders of magnitude. It is
thus in principle possible e.g. to continuously tune the system across the Ander-
son transition without actually modifying the sample. However, as will be seen,
this strong resonance also has the drawback to enhance the sample sensitivity to
decoherence processes.

The present paper reviews the results obtained during the last years on trans-
port of light in cold atomic vapors. Section 2 provides a short description of the
typical experimental scheme. Section 3 summarizes results on diffusive transport
and radiation trapping (RT) of light in cold atomic samples. We then specifically
address in Sec. 4 the issue of the coherence of the transport, which is probed us-
ing the coherent backscattering (CBS) interference. We identify and analyze three
decoherence mechanisms present in such media: Sec. 4.2 describes the role of the
atomic internal structure, Sec. 4.3 is devoted to the impact of the residual atomic
motion, and Sec. 4.4 treats the situation of CBS in the non-linear regime.

2. Experimental Setup

Figure 1 illustrates the typical experimental scheme, with the example of a coherent
backscattering measurement (see Sec. 4.1). The cold atomic cloud is prepared in a
magneto-optical trap (MOT). The atoms are trapped and cooled by the application
of six laser beams detuned to the red of the F = 3 → F ′ = 4 dipole transition of
the D2 line of Rb85 (wavelength λ = 780 nm, natural width Γ/2π = 5.9 MHz).
The same transition will be employed for all the transport experiments presented
here. Up to 2 × 1010 atoms are trapped in a quasi-Gaussian cloud of FWHM size
E ≈ 6 mm at a temperature of 40 µK. The corresponding 1D rms velocity is
v = 6.5 cm/s.

Prior to all measurements, the atoms are released from the trap by switching
off the trapping lasers and magnetic field. Approximately 1 ms latter, a probe laser
beam is turned on shortly (typical duration < 200 µs) to illuminate the atoms and
perform the measurement. To study multiple scattering of light, it is necessary to
obtain a sample of large optical thickness b = E/� > 1, where � is the mean-free
path. Due to the resonant scattering cross-section, the optical thickness is

b(δ) =
b(0)

1 + 4(δ/Γ)2
, (1)

where δ = ω − ω0 is the light detuning from resonance (ω and ω0 are the light
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Fig. 1. Experimental set-up for coherent backscattering. The cold atomic cloud is released from
the MOT, and then illuminated by a collimated laser beam. The backscattered intensity is collected
by a beam-splitter and its angular distribution recorded on a cooled CCD. The MOT is then
turned back on to recapture the atoms. The image is accumulated over several thousand such
cycles, thanks to a synchronized chopper which blocks the detection during the MOT phase.

and atomic resonance angular frequencies respectively). For resonant light (δ = 0),
the maximum optical thickness of our Rubidium cloud is b � 40, with a minimum
mean-free path � ≈ 130 µm at the center of the cloud. We are thus working in the
weak scattering regime with k� � 1 (k = 2π/λ is the light wavenumber).

In the case of a CBS measurement, the backscattered light is collected by a
beam-splitter and the far-field distribution imaged on a Peltier-cooled CCD placed
in the focal plane of a lens. The angular resolution of the apparatus is 0.1 mrad,
one order of magnitude below the typical CBS width.

After 2 ms, the MOT is switched back on to prevent the atoms from escaping
the trapping area. It is necessary to accumulate the CBS signal over several thou-
sands such cycles in order to obtain a good signal to noise ratio. To this end, we
use a synchronized chopper wheel which blocks all light to the CCD during the
MOT’s operation and opens only during the CBS acquisition period. The CCD
thus remains in acquisition mode all the time but accumulates photons only during
the illumination of the cloud by the probe laser.

3. Transport Regimes in Cold Atoms

This section is devoted to the study of the diffusive-like transport regimes for near-
resonant light in cold atomic vapors. In standard opaque media such as e.g. white
paint where scattering is elastic, the transport is diffusive for optically-thick samples
b � 1. At the other end of the spectrum lies the transport of resonant radiation
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Fig. 2. Principle of radiation trapping experiment. A pulsed laser beam illuminates the sample.
A detector monitors the decay of the diffuse light once the excitation has been switched off.

in hot vapors, which has been the subject of an extensive research for nearly a
century. There, the frequency redistribution due to the motion of the scatterers
(inhomogeneous Doppler broadening) or to collisions (homogeneous broadening)
deeply affects the transport, which is no longer diffusive as first pointed out by Kenty
in 1932.11 In the “Doppler regime” where inhomogeneous broadening dominates, it
was shown by Holstein12 that one can quite accurately describe the transport by
assuming that the light frequency before and after a scattering event are completely
decorrelated (complete frequency redistribution). More involved theories (partial
frequency redistribution) were later developed to deal with a larger range of gas
temperature and pressure (see e.g. Ref. 13). With the advent of laser cooling in
the 80s, it became possible to produce vapors with negligible collisions where the
inhomogeneous width is well below the natural (homogenous) width. We present in
this section the first extensive study of transport in this new regime.

To study dynamical features of the transport such as e.g. the diffusion coefficient,
we employed the “radiation trapping” scheme sketched in Fig. 2. This technique has
been employed to diagnose strong localization in Ref. 9, and was first applied to cold
atomic vapors in Ref. 14. The sample is illuminated by a pulsed (rectangular) probe
beam, and we monitor the decay of the diffuse light after the excitation has been
switched off. In the elastic case, the residence time of photons inside the sample is
proportional to the number of scattering events, which increases quadratically with
the optical thickness b. More quantitatively, the long-time decay of diffuse intensity
is exponential with a time constant:

τel
0 =

3
απ2

b2τtr (2)

where α is a geometry-dependent numerical factor (α = 1 for a slab, 4 for a ho-
mogenous sphere and 5.35 for an inhomogeneous sphere with a Gaussian density
profile15) and τtr is the transport time, the average time delay between two succes-
sive scattering events. Equation (2) is valid in the diffusive regime b � 1. Figure 3
shows the result of such an experiment realized with an cold (T = 40 µK) cloud of
Rb85.15 The incident light is resonant with the atomic transition (δ = 0), and the
optical thickness is varied by adjusting the number of trapped atoms.

Figure 3(A) reports examples of diffuse intensity decays for various values of
the optical thickness (note the semi-log scale). The initial, steady-state value of
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Fig. 3. Radiation trapping in cold atoms. (A): Diffuse intensity decay for various optical thick-
nesses. 1: probe pulse; 2: b = 2; 3: b = 6; 4: b = 9; 5: b = 13; 6: b = 19; 7: b = 28; 8: b = 34.
(B): Late-time decay constants τ0. Experiment (circles), elastic diffusion theory (dashed line) and
MC simulation including the residual atomic motion (solid line).

the detected signal has been scaled to unity for all values of b. The detection time
is expressed in units of the excited state lifetime τnat = Γ−1 = 27 ns (the zero
corresponds to the shut-off of the excitation). Trace 1 corresponds to the probe laser
temporal profile in the absence of atoms. The observed decays (traces 2 to 8) are
all found to be exponential after an initial transient. By fitting the late decay to an
exponential, we extract the time-constant τ0 which is plotted in Fig. 3(B) (circles).
It increases nearly quadratically as expected from diffusion theory (Eq. (2), dashed
line) up to roughly b = 12. However, above this value a clear departure from the
elastic diffusion theory is observed with a faster decrease of the diffuse intensity.
This is attributed to the small frequency redistribution due to the residual motion
of the atoms, as confirmed by the Monte Carlo (MC) simulation (solid line). The
interpretation is rather simple: although a single scattering event results in a very
small random frequency redistribution kv/Γ ≈ 2×10−2, the cumulative impact of N

successive scatterings can become non-negligible. Assuming uncorrelated successive
frequency redistribution events, the average frequency redistribution after N � 1
scatterings is 〈∆ω〉 =

√
DωNΓ−1, where Dω = 2(kv)2Γ is the frequency diffusion

coefficient.16 Roughly speaking, this frequency diffusion is expected to significantly
affect the transport when 〈∆ω〉 ≈ Γ/2. This occurs after N = 1/8(kv/Γ)−2 ≈ 300
scatterings, which corresponds to b ≈ 17 since the average number of scattering
events is N � b2. The order of magnitude given by this rough estimation is correct,
and we see on Fig. 3(B) that the quantitative agreement with the MC simulation
is very good.

Thus, because of the residual atomic motion resulting in a slightly inelastic
scattering, the transport can not be considered strictly diffusive as pointed out by
Holstein.12 However, the diffusive nature of the transport is not deeply affected as
long as bkv < Γ. This is a new regime of “frequency diffusion” where modifications
of the transport are driven by a large number of small random frequency kicks. On
the contrary for bkv � Γ (Doppler regime) large deviations from diffusive transport
are expected.
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Let us first consider the “quasi-elastic” case bkv � Γ. Since the transport is not
substantially affected by Doppler-induced frequency redistribution, we employ the
formalism of the diffusion theory. From the data of Fig. 3 and the measured values of
the mean-free path �, we can extract the transport time: τtr � τnat. The transport
time is thus equal to the atomic excited state lifetime. This time is very long (27 ns)
compared to usual, non-resonant samples where τtr ≈ �/c < 1ps for � = 100 µm!
This is a direct consequence of the very sharp resonance of the atomic scatterer.
We have shown experimentally15 that τtr is roughly frequency-independent in the
vicinity of the resonance, a property predicted by the theory of point scatterers.17

This non-trivial behavior originates in the compensation of the two contributions
to the transport time:

τtr(δ) = τW (δ) +
�(δ)
vg(δ)

. (3)

The first term is the scattering Wigner time, which represents the time delay
upon scattering of a quasi-monochromatic wavepacket of spectral width � Γ. It
is maximum on resonance τW (δ = 0) = 2/Γ and decreases as a Lorentzian when
|δ| increases. The second term represents the propagation up to the next scatterer,
in the effective medium characterized by a refractive index n. This propagation is
accomplished at the group velocity vg. Due to the anomalous dispersion of a two-
level system, the group velocity is negative (with modulus � c) on resonance,18

and positive ≈ c away from resonance (δ � Γ). Note that the variations of the two
terms compensate only in a limited frequency range around resonance: in the limit
of large detunings, τW → 0 while �/vg increases quadratically.

Another interesting quantity is the energy transport velocity vtr = �/τtr, which
describes the velocity of the energy in the diffuse light. In contrast to the group
velocity, vtr is always positive and ≈ c in most samples. Using our measured values
of τtr and �, we obtain vtr ≈ 3 × 10−5c. This extremely low value is a direct
consequence of the sharp atomic resonance which also yields the very long transport
time. The reduction of the transport velocity when using resonant scatterers was
first demonstrated in Ref. 19. This slowed energy transport is also reflected by the
small value of the spatial diffusion coefficient D = �2/(3τtr) = 0.66 m2/s. Similar
values were reported in Ref. 20, where the authors studied the time-dependence of
the light depolarization. This slow transport should not be mistaken with the “slow
light” of Ref. 21, where the group velocity is reduced by manipulating the atomic
dispersion.

Let us now turn back to the frequency diffusion phenomenon. Its clearest illus-
tration is obtained for a detuned excitation, as represented in Fig. 4. We report in
Fig. 4(A) the diffuse intensity decay for δ = +1.5Γ and different rms atomic veloc-
ities (1: v = 0.087 m/s; 2: v = 0.24 m/s; 3: v = 0.99 m/s). The noisy curves are the
experimental data and the lines the MC simulations. In contrast to the resonant
case (Fig. 3), the decay is now clearly non-exponential. Furthermore, the residence
time of photons inside the cloud now seems to increase with v. The explanation
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Fig. 4. Observation of frequency diffusion. (A): Diffuse intensity decay for a detuned excitation
δ = 1.5Γ and different rms atomic velocities: 1: v = 0.087 m/s; 2: v = 0.24 m/s; 3: v = 0.99 m/s.
For each v, the optical thickness has been adjusted to b = 2.2. The noisy curves are the experi-
mental data and the lines the MC simulations. (B): Monte Carlo simulation (δ = Γ, b(δ) = 6.6,
v = 0.17 m/s), with insets showing the evolution of the emerging light spectrum as a function of
time.

of this behavior is illustrated in Fig. 4(B), where a MC simulation (monochro-
matic excitation at δ = Γ, b(δ) = 6.6, v = 0.17 m/s) allows us to follow the
time-resolved spectrum of emerging photons. After a small number of scattering
events (t/τnat = 10), the emerging light spectrum (inset 1) is nearly Gaussian and
centered at the laser frequency (δ = Γ). When the number of scatterings increases
(inset 2), the spectrum broadens and deforms with a shift towards resonance. At
late times, the spectrum is stationary and centered on resonance (inset 3). Indeed,
in the course of frequency diffusion part of the photons are shifted away from
the resonance and leave the cloud because their mean free path increases. Those
shifted closer to resonance see an increased optical thickness and thus experience
more scatterings and an increased frequency diffusion rate. This efficient selection
process guarantees that ultimately all photons inside the cloud are nearly resonant,
whatever the initial laser frequency. The study of RT with a detuned excitation is
thus a sensitive technique to study frequency redistribution processes.

Once the photons inside the medium are on resonance (either because of a
resonant excitation or as a result of frequency diffusion), the diffuse intensity decay
is exponential and governed by the rms atomic velocity and the optical thickness.
This is illustrated in Fig. 5(A), where we report the measured decay constants
(δ = 0) for various rms atomic velocities and optical thicknesses: b = 30 (solid
circles), b = 25 (open circles), b = 13 (solid squares, × 2) and b = 5 (stars, × 3).
The lines correspond to the MC simulations. At fixed b, the decay is faster when v

increases due to an increased frequency diffusion rate. Figure 5(B) shows the result
of MC simulations for a resonant excitation and a slab geometry: the deviation from
elastic transport 1− τ0/τel

0 is plotted as a function of bkv/Γ (where v is varied), for
different values of the optical thickness: b = 10 (circles), b = 20 (squares) and b = 40
(stars). Here τ0 is the decay constant taking into account the atomic velocities, while
τel
0 is the elastic decay constant (see Eq. (2)) for the same optical thickness. As can
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Fig. 5. RT decay versus atomic velocity (δ = 0). (A) Measured RT decay constant versus rms
atomic velocity for various optical thicknesses: b = 30 (solid circles); b = 25 (open circles); b = 13
(solid squares, × 2); b = 5 (stars, × 3). The lines correspond to the MC simulations. (B) Correction
to elastic transport 1 − τ0/τel

0 (see text) as a function of bkv/Γ (where v is varied) for different
values of the optical thickness (MC simulations for a slab geometry): b = 10 (circles), b = 20
(squares) and b = 40 (stars). In the frequency diffusion regime bkv/Γ < 1 the decay depends only
on the parameter bkv/Γ, while in the Doppler regime bkv/Γ � 1 it is determined only by b.

be seen, all curves merge for bkv/Γ < 1: this is the frequency diffusion regime.
For bkv/Γ > 1 the curves diverge towards asymptotic values determined only by b

(Doppler regime). The frequency diffusion regime thus bridges the gap between two
well-documented regimes: the elastic regime (v = 0 → τ0 ∝ b2) and the Doppler
regime (bkv/Γ � 1 → τ0 ∝ b

√
log(b/2).12)

4. Coherent Transport

In the previous section, we have seen that the transport of light in cold atomic
vapors is quasi-diffusive, at least for moderate optical thicknesses. However, the
results presented so far give us no lead on the coherence of this transport, although
we can expect that the Doppler frequency redistribution will somehow limit this
coherence. This issue will be specifically addressed in Sec. 4.3. We thus now turn
to the discussion of the coherence of light transport in cold atomic samples.

4.1. Coherent backscattering: a probe of coherent transport

The different regimes of wave localization in 3D disordered media are fixed by the
value of k�, where k is the wavenumber and � the transport mean free path. In
the most easily accessible weak scattering regime k� � 1, interferential corrections
to transport are small (weak localization). Strong localization occurs for k� � 1, a
condition known as the Ioffe–Regel criterion.a All results reported in the following
were obtained in the weak scattering regime, with k� typically > 1000. Indeed,
obtaining dense (� 1014 cm−3) samples of cold atoms is still a fairly involved matter,

aIn 1D and 2D disordered systems, however, waves are always localized.
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Fig. 6. The CBS effect. (A): The constructive interference between reversed paths e.g. (1) and
(1′) survives configuration average, while the interference between uncorrelated paths e.g. (1) and
(2) vanishes. (B): CBS cone from a sphere of styrofoam (helicity preserving channel).

with densities in standard magneto-optical traps typically 3 orders of magnitude
below.

In the weak scattering regime, the main interferential effect is the so-called co-
herent backscattering. This effect, observed for the first time in the 80s with light,22

is due to the constructive interference between amplitudes describing reversed mul-
tiple scattering paths such as (1) and (1′) in Fig. 6(A).

These paths follow the same collection of scatterers, but encountered in reverse
order. Since the path length difference is zero at exact backscattering (θ = 0), the
interference is always constructive. As such, it survives the “configuration” average
over the respective positions of the scatterers. This is not the case for decorrelated
paths such as (1) and (2), whose interference will wash out during configuration
average.

CBS manifests itself as a narrow peak in the configuration-averaged scattered
light intensity distribution, centered at the direction of exact backscattering. An
example obtained from a slowly rotating sphere of styrofoam is shown in Fig. 6(B).
The interference contrast drops rapidly away from backscattering because of the
position-dependent phase shift (between reversed amplitudes) arising for θ 
= 0.
The CBS peak is thus characterized by a narrow angular width ∆θ ≈ (k�)−1. Its
height is quantified by the CBS enhancement factor, defined for θ = 0:

η = 1 +
C

S + L
, (4)

where C is the interference term (decaying rapidly for θ 
= 0) and L the average
diffuse intensity (no interference contribution). S is the single scattering term, which
contributes to the total intensity but not to the CBS interference. C/L is the
interference contrast and a direct measure of the mutual coherence between reversed
paths. If this coherence is perfect, one has a maximum contrast C/L = 1, and if in
addition single scattering can be removed (S = 0) then η = 2. In “classical” samples
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of spherically-symmetric scatterers, both conditions are fulfilled in the so-called
“helicity preserving channel” (h‖h) where both incoming and detected polarizations
are circular with the same helicity.

The CBS signal can be viewed as originating from e.g. a collection of self-aligned,
zero path-length difference Michelson interferometers, with a certain distribution
of arm lengths corresponding to the lengths of multiple scattering paths inside the
disordered sample. The interference contrast is thus only sensitive to decoherence
processes occurring during the transport. Typically, this will induce an exponential
decay of the interference contrast as the length of a multiple scattering path is
increased:

C

L
(N) = e−N/NΦ , (5)

where N is the number of scattering events and NΦ represents the number of
scattering events over which the coherence is lost. The corresponding distance of
diffusive transport is the coherence length LΦ =

√
DNΦτtr where D = �2/3τtr is

the (spatial) diffusion coefficient and τtr the transport time defined in Sec. 3. We
thus obtain:

Lφ

�
=

√
NΦ

3
. (6)

If the size E of the sample is smaller than LΦ, the coherence is preserved for
a typical multiple scattering path inside the sample. In the following, we will re-
fer to this situation as the “mesoscopic regime”. In a standard (i.e. static) CBS
experiment, one does not measure directly C/L as a function of N , but instead
a weighted sum of the contributions of all scattering orders. For instance, in the
case of large optical thicknesses, the distribution of scattering orders in the average
diffuse intensity is P (N) ∝ N−3/2. If this distribution is a priori unknown, one has
to rely on a Monte Carlo simulation to determine the P (N) and extract the coher-
ence length. Note that this problem can in principle be overcome by combining the
techniques of CBS and time-resolved detection described in the previous section.
Using time-resolved CBS, one can in principle directly measure C/L(N). However,
this technique has proven difficult to implement due to low photon counting rates.

4.2. Internal structure

4.2.1. Internal structure and decoherence

Since our first observation of CBS from cold Rb85 atoms,10 it was obvious that
the enhancement factor is much smaller than 2 in all channels. This is illustrated
in Fig. 7, where we report the measured cones (circles) in various polarization
channels. The laser is resonant (δ = 0), and the cloud has an optical thickness
b = 26. Quite strikingly, the CBS enhancement factor is smallest in the helicity-
preserving channel (h‖h), which yields the maximum value for classical samples
as discussed in the previous section. For our Rb85 atoms, the CBS peak is barely
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Fig. 7. CBS peaks from an ultra-cold cloud of Rb85 atoms (δ = 0, b = 26), in various polarization
channels. Top: circular polarizations orthogonal (A) or parallel (B). Bottom: linear polarizations
orthogonal (C) or parallel (D). The symbols correspond to the measured data and the lines to the
MC simulations taking into account the geometry of the atomic cloud (no adjustable parameter).

visible in this channel with η = 1.05. This behavior was later confirmed by similar
observations in the group of M. Havey.23

The explanation for this dramatic interference reduction lies in the internal
structure of the atomic ground state.24 Indeed, the F = 3 state of the D2 line
of Rubidium is made of seven degenerate Zeeman sublevels. Thus, the quantum
states of the system are described by the polarization of the photon and the Zee-
man substates of all atoms in the considered multiple scattering path. The CBS
signal is a quantum interference between the amplitudes of the two (reversed) paths
connecting an initial state (incoming photon polarization + initial atomic internal
states) to a final state (outgoing photon polarization + final atomic internal states)
which may or not be different from the initial one. The effect of the internal degree
of freedom is to introduce an imbalance between these amplitudes, thus reducing
the interference contrast. This process is illustrated by the example of Fig. 8. We
consider two atoms and a 1/2 → 1/2 transition for the sake of simplicity. In the
helicity-preserving channel, the incoming polarization is e.g. right-handed and the
detected light is then left-handed. The two atoms are assumed to be in different
Zeeman substates, and we consider only the case of Rayleigh scattering i.e. no
change of internal state occurs due to the scattering of the photon. As can be seen,
the amplitude associated with the scattering sequence 1 → 2 is non-zero while that
of the reverse sequence 2 → 1 is zero. In this extreme case, the interference term
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σ+ σ−

(1) (2)

Fig. 8. The impact of internal structure: mechanism for interference reduction. We consider
two atoms in different Zeeman substates. The asymmetric response of the atoms with respect
to polarization yields different amplitudes for reversed paths, and thus a reduced interference
contrast.

vanishes. This loss of interference contrast can also be understood in terms of in-
creased which-path information.25 Note that in Fig. 8 we have chosen the case of
Rayleigh transitions (conserved internal state) to illustrate the impact of the in-
ternal structure, but the argument and the conclusions remain valid for “Raman”
transitions where the atomic internal state is modified. Whether the CBS signal is
dominated by the Rayleigh or Raman contribution depends on the specific transi-
tion and polarization channel.26 The simple example of Fig. 8 illustrates the two
necessary conditions for the CBS reduction: first, the atoms should be in different
Zeeman substates; second, the scattering amplitude for an atom in a given substate
should be asymmetric with respect to the light helicity, i.e. different for right and
left-handed polarizations. This property, linked to time-reversal symmetry break-
ing, is always satisfied for a non-zero total angular momentum state. An analog of
the effect of the atomic internal structure is found in spin-flip scattering of electrons
by magnetic impurities in metals,27 as will be further discussed in Sec. 4.2.2.

Another, more trivial (but of experimental importance) consequence of the in-
ternal structure is the impossibility to reject the single scattering contribution to
the backscattered intensity using polarization selection. Because this contribution
is typically S ≈ 40% or higher, this leads to an additional significant reduction of
the CBS enhancement according to Eq. (4).

A direct experimental confirmation of the role of the internal structure as a
decoherence process was obtained with the observation in our group of the CBS
peak from a cold cloud of Sr88.28 This signal, obtained with the 0 → 1 transition
(λ = 460.7 nm), is plotted in Fig. 9. Since the atomic ground state has no internal
structure, we observe in the h‖h channel an enhancement very close to the theo-
retical value η = 2. Note that in both Rb and Sr experiments, the residual Doppler
effect kv/Γ is similar (≈ 2 × 10−2) and thus can not account for the observed
difference of η (see Sec. 4.3).

The impact of the atomic internal structure was formalized in the PhD work of
C. Müller, who derived an analytical expression for the CBS interference from dipole
transitions between states of arbitrary angular momentum.26 Generally speaking,
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Fig. 9. The impact of internal structure: additional proof. We report the CBS peak measured
from a cold cloud of Sr88 in the h‖h channel, using the 0 → 1 transition (ground state without
internal structure). We observe an enhancement factor very close to the maximal value η = 2.

any transition from a ground state of total angular momentum F 
= 0 yields a
small contrast, with the noticeable exception of F → F transitions at large F .
In the case of the 3 → 4 transition of Rb85 in the orthogonal helicity channel,
the theory predicts C/L(N) ∝ (19/40)N . This interference reduction due to the
internal structure can be interpreted in terms of decoherence. Using Eqs. (5) and
(6), we obtain in this case Lφ ≈ 0.7�.

Using the analytical results of Ref. 26, Delande developed an efficient Monte
Carlo simulation including all the relevant experimental parameters such as the
optical thickness, size and shape of the atomic cloud. Thanks to this effort, a quan-
titative comparison between theory and experiment could be attempted for the
first time, yielding an excellent result29 as can be seen in Fig. 7 (thin curves). A
similar agreement was obtained for the 2 → 3 transition of Rb87.30 The MC sim-
ulation helped to understand the role of the inhomogeneous density distribution
in the atomic cloud, which leads to an unusual behavior of the CBS cone width
versus mean free path.31 This is illustrated in Fig. 10(A), where we measured the
variation of the CBS cone width ∆θ with light detuning from resonance δ. As a
consequence of the resonant scattering cross-section, the mean free path varies by
a factor of 22 in the course of this experiment. However, it can be seen that ∆θ

varies only by a factor 2, while a homogenous medium would yield ∆θ ∝ (k�)−1.
This is because double scattering (which is dominant in the CBS signal) takes place
typically at an optical depth ≈ 1. For resonant light and large optical thicknesses
b � 1, this corresponds to the outer layer of the cloud where the density ρ is low.
When δ is increased (i.e. the scattering cross-section decreased), this point moves
deeper and deeper inside the cloud where the density increases. Both effects com-
pensate to yield an effective � = (σρ)−1 nearly frequency-independent, of the order
of the size of the cloud. Figure 10(B) shows the evolution of the CBS enhancement
factor. The observed variation is due to the modification of the distribution of
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Fig. 10. CBS and light detuning. The CBS signal is recorded as a function of the light detun-
ing from resonance, i.e. for a varying optical thickness of the atomic cloud. (A) Measured CBS
peak angular width (symbols) and MC simulation (line). (B) Measured CBS enhancement factor
(symbols) and MC simulation (line). Note the slightly asymmetric behavior of the enhancement
(see text).

scattering orders, the maximum enhancement corresponding to a maximum double
scattering contribution. For a “large” detuning, the optical thickness is small and
single scattering dominates which reduces the enhancement (Eq. (4)). For a small
δ, the respective contribution of higher multiple scattering orders N > 2 is large.
Due to the (19/40)N decrease of the CBS interference contrast, these scattering
orders contribute mainly to L and not to C, which reduces the overall enhance-
ment. These mechanisms yield the “double bump” structure of Fig. 10(B). Note
the small asymmetry of the enhancement with respect to δ, with slightly higher
values on the “blue” side of the resonance δ > 0. This may be an indication of the
effect of other accessible excited states in the hyperfine multiplet.32,33 Although far
detuned, the corresponding transitions can yield interference effects which affect
the enhancement factor.

4.2.2. Magneto-optics

It may thus appear that alkalis, which are the most commonly manipulated atoms,
constitute a bad choice to study coherent transport because of their internal struc-
ture. As demonstrated in the previous section, the use of the 0 → 1 transition of
Sr88 solves this problem. However, cooling and trapping Strontium is technically
quite demanding, as illustrated by the very few groups using this element in the
world.

An alternative approach to the problem of internal structure consists in the
application of an external magnetic field, as demonstrated in Ref. 34. This is il-
lustrated in Fig. 11, where we report the CBS enhancement factor measured as a
function of the external magnetic field B. A rapid increase of the interference con-
trast is observed with |B|. This observation may seem a priori surprising, because
the application of a magnetic field breaks time-reversal symmetry and produces a
decrease of the CBS interference in classical samples.35 In our situation, the applied
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Fig. 11. Coherence restoration by application of a magnetic field. We record the CBS enhance-
ment in the h‖h channel (symbols), as a function of the applied magnetic field. The light freqency
is tuned to maintain resonance with the mF = +3 → mF = +4 transition. The line is the MC
simulation.

B field lifts the degeneracy between Zeeman substates, such that optical transitions
between given sets of ground and excited substates now occur at different frequen-
cies. If this Zeeman detuning is large enough (> Γ), one can selectively excite one
of these transitions by adjusting the laser frequency. In the experiment of Fig. 11,
the laser frequency is tuned to remain in resonance with the mF = +3 → mF = +4
transition. At our maximum field of 50 G, the closest transition is detuned by
≈ −2Γ. This procedure allows us to obtain a quasi-two level system, which yields
the maximum interference contrast. Note however that this equivalent two-level
system is oriented, such that only σ+ can be absorbed or emitted. As a result,
the single-scattering contribution cannot be filtered out by polarization selection.
This is why the measured enhancement saturates at about 1.35 in Fig. 11. How-
ever, the coherence length increases continuously with the applied magnetic field:
Lφ ∝ √

B,34 as shown by O. Sigwarth in his MC simulation (solid line in Fig. 11).
In the situation of Fig. 11, a field of 100 Gauss (10−2 Tesla) is expected to yield
Lφ ≈ 3�, i.e. the mutual coherence is lost after roughly 10 scattering events. Even
though this effect of coherence restoration is quite spectacular, it is thus of unprac-
tical use to reach large coherence lengths Lφ � �.

This mechanism of coherence restoration is reminiscent of that of conduction
electrons in metals, where weak localization corrections to transport are inhibited
at zero external B field due to spin-flip scattering by magnetic impurities.36 When
a B field is applied, these spin-flip scatterings are suppressed and the coherence is
restored.

Because of the sharp atomic resonances and the strong response to an external
magnetic field via the Zeeman effect, cold atoms typically boast large magneto-
optical properties. This was e.g. illustrated in our group with the observation of
Faraday rotation angles of up to 150◦ with an applied magnetic field of 8 G,37

which corresponds to a Verdet constant typically 4 orders of magnitude larger than
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Fig. 12. Hanle effect in CBS. In each quadrant the measured far-field backscattered intensity
is plotted as a function of the two azimuthal angles (exact backscattering at center, total range
2 mrad). The incident polarization P is vertical, the backscattered wavevector kb is pointing

towards the reader. (A) Shape of the CBS peak in the l‖l (top) and l ⊥ l (bottom) channels,
without magnetic field (δ = 0, B = 0). (B) When an external magnetic field B is applied, the
CBS peak in the l ⊥ l channel flips by ±45◦ depending on the sign of B (δ = 0, |B| = 8 G).
(C) Same as (A), but with B = 10 G and the light detuned so as to select one pair of ground-excited
Zeeman states (δ = 2.6Γ).

that of Faraday crystals employed e.g. in optical insulators. A direct manifestation
of magneto-optical effect in the CBS interference is illustrated in Fig. 12, with the
first observation of the Hanle effect in coherent backscattering.38 The Hanle effect
corresponds to the rotation, under application of a magnetic field, of the dipole
induced by a linearly-polarized electromagnetic field inside an atom. As a conse-
quence, the polarization of the light radiated by this atom is rotated with respect
to the incident one by an angle Φ(B). This effect can be seen as the microscopic
building block for the Faraday effect, which requires the presence of many atoms
(effective medium) to become sizeable. CBS is known to be sensitive to the radia-
tion pattern of the scatterers.39 Indeed, the CBS peak shape is given by the Fourier
transform of the diffuse intensity distribution on the front surface of the sample
under point-like illumination. At a small number of scattering events (N = 2, 3 . . .)
this intensity distribution retains some features of the individual radiation pattern,
while these features are washed out for N � 1 yielding an isotropic distribution.
Since CBS is dominated by low-scattering orders, its symmetry can provide direct
information on the radiation pattern of individual scatterers.

An example is provided in Fig. 12(A): the dipole radiation pattern produces
an elongated CBS peak in the l‖l channel, and a “cushion-shaped” peak in the
l ⊥ l channel. (These shapes are also observed with small classical scatterers like
e.g. TiO2 particles.) Let us now consider the case N = 2 with linear incident
and detected polarizations forming an angle α, and resonant light δ = 0. One can
then derive the angular dependence of the CBS interference: in a polar plot this
“CBS radiation pattern” consists of two orthogonal pairs of opposite lobes, with
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symmetry axes along the bisectors of the angle formed by the incident and detected
polarizations (thus tilted by α/2 and (α + π)/2). Thus, the symmetry axes of the
CBS peak are determined only by α and independent of B. However, the ratio of the
2 pairs of lobes is ∝ tan4(α/2−Φ) and thus depends on both α and B. In Fig. 12(A),
Φ = 0 (B = 0) and α/2 = 0 (top) or π/4 (bottom). The earlier case yields vertical
and horizontal symmetry axes and only one pair of lobes, which corresponds to an
elliptical peak shape aligned vertically. The later gives symmetry axes at ±45◦, and
lobes of equal amplitudes, with a “cushion-shaped” CBS peak. When a B field is
applied [Fig. 12(B)] in the l ⊥ l channel, the symmetry axes remain ±45◦ but one
or the other pair of lobes is favored depending on the sign of Φ. We thus observe
that the CBS peak is tilted by 45◦ independently of the magnitude of B (
= 0), but
that it flips by 90◦ when we reverse the sign of B and thus of Φ. This discussion is
valid for δ = 0. For δ 
= 0, one of the circular components of the induced dipole is
favored, and the radiation pattern becomes isotropic [Fig. 12(C)].

Another interesting magneto-optical effect is the so-called photonic Hall effect,
predicted and later observed by van Tiggelen et al.40 Its manifestation is an asym-
metry in the diffuse intensity in the standard Hall configuration kin ⊥ B ⊥ kout.
However, for Rayleigh (point-like) scatterers, this effect vanishes and the asymmetry
only shows in the collective radiation pattern. In the simplest case of two scatterers,
the asymmetry arises from the successive Faraday rotations breaking time-reversal
symmetry.41 For a macroscopic assembly of scatterers, this results in photonic Hall
effect much smaller than the average diffuse intensity (by at least 1/k�). Still, nu-
merical simulations indicate that it should be observable in sufficiently dense cold
atomic vapors.41

4.3. Atomic motion

As already discussed in Sec. 3, the residual atomic motion is responsible for some
frequency redistribution affecting the transport, which, strictly speaking, can no
longer be considered diffusive. What is the impact of the residual Doppler broaden-
ing on the coherence of the transport? To answer this question, we performed the
experiment described in Fig. 13. Starting from our coldest sample (T = 40 µK), we
increased gradually the temperature by applying an intense, near-resonant optical
molasse. The CBS enhancement was measured for temperatures in the 40 µK-
25 mK range. This corresponds to a 1D rms velocity 6 cm/s < v < 4 m/s, and a
Doppler spread 0.01Γ < kv < 0.85Γ. For each temperature, the number of atoms
in the cloud was adjusted to maintain the optical thickness at a roughly fixed value
b ≈ 13.

As can be seen, the CBS enhancement decreases rapidly: the cone height has
dropped by a factor 2 for kv/Γ � 0.15, where the Doppler broadening is still well
below the natural width.42 The lines correspond to MC simulations assuming either
a Gaussian (dashed line) or a Lorentzian (solid line) velocity distribution. These
choices were motivated by the observation of various shapes in the experiment.
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Fig. 13. Atomic motion and coherent transport. We record the CBS enhancement in the h ⊥ h
channel, as a function of the temperature of the cloud. The optical thickness is fixed at ≈ 13.
A rapid decrease of the interference is observed when the rms atomic velocity is increased. The
dashed and solid lines are MC simulations assuming Gaussian and Lorentzian velocity distributions
respectively.
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Fig. 14. Role of atomic motion in CBS. We consider a double-scattering picture. Due to the
Doppler effect, some frequency redistribution occurs but the outgoing frequency is the same
for both reversed paths. However, atom 1 scatters photons at different frequencies ω and ω′
which results in different amplitudes for the reversed processes, and thus in a reduced interference
contrast.

Although none fits the data in a completely satisfactory fashion, the overall agree-
ment is acceptable. The mechanism for interference reduction is illustrated in
Fig. 14. The Doppler effect introduces a frequency difference between “direct” and
“reverse” paths inside the sample (note that the outgoing frequencies are equal).
Because the atomic response is highly frequency-dependent, this will induce dif-
ferent (complex) amplitudes for these paths and thus a reduced contrast.43 This
“frequency domain” interpretation has its time domain counterpart, which was used
e.g. in Ref. 44 for the case of non-resonant scatterers. Due to the motion of scat-
terers during the time it takes for the light to travel along a multiple scattering
path, photons travelling along “reverse” paths will exit the medium at a different
time. The interference is preserved if this time delay is smaller than a wave period,
or alternatively if the corresponding path length difference is smaller than λ. The
main difference between our situation and that of Ref. 44 is our extremely sharp
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resonance, which enhances the impact of the small residual velocity. For non-
resonant scatterers moving at non-relativistic velocities, the motion-induced de-
coherence is quite negligible although the Doppler frequency redistribution can be
used to select the number of scattering events.45

Going back to the frequency argument, we can derive an analytical expression
for the interference contrast in the regime of frequency diffusion bkv < Γ discussed
in Sec. 3:42

C

L
(N) = e−

N3
3 ( kv

Γ )2 . (7)

This expression, which is equivalent to that of Ref. 44 when replacing c by vtr ,
shows that the cumulative effect of successive scattering events leads to a very
strong cut-off on the scattering orders participating to coherent transport. Despite
the non-exponential decay with N , one can tentatively define a coherence length
using C/L(Nφ) = e−1. We then obtain:

Lφ

�
=

(
3kv

Γ

)−1/3

. (8)

For our lowest temperature of 40 µK, we find Lφ ≈ 3�. It is in principle possible
to further cool the atomic cloud, but two problems arise. First, we see (Eq. (8))
that the coherence length increases very slowly when reducing the velocity spread:
decreasing v by one order of magnitude (i.e. the temperature by 2 orders of mag-
nitude) only improves Lφ by a factor ≈ 2. Second, if the velocity spread is reduced
below the recoil velocity corresponding to the momentum exchange between atom
and photon during one scattering event, the frequency redistribution will then be
determined by the recoil vr and not the temperature. This situation can be obtained
by e.g. cooling Sr88 atoms to the recoil limit using the narrow 689 nm transition,46

and then using the broad 461 nm transition for the CBS experiment. The impact
of the recoil on CBS by two trapped atoms as been studied theoretically in Ref. 47.
This impact for a realistic situation (an optically-thick cloud of atoms cooled below
the recoil limit) remains to be evaluated. However, one can tentatively extrapolate
the above discussion on the residual velocity distribution to the case of recoil-
induced decoherence, by substituting vr to v in Eq. (8). Since the recoil velocity
is 6 mm/s for our transition of Rb85 (one order of magnitude below our current
velocity spread), we can then expect a gain of at most a factor 2 on the coherence
length (Lφ ≈ 6�) by cooling the atoms to the recoil limit. If this extrapolation is
correct, Eq. (8) shows that Lφ/� ∝ (mΓλ2)1/3, where m is the mass of the consid-
ered atom, λ the transition wavelength and Γ its natural width. Heavy atoms with
wide transitions at large wavelengths are thus more favorable. The recoil limitation
could in principle be overcome48 by pinning the atoms into deep potential wells
(Lamb–Dicke regime), like e.g. in an intense far-detuned optical speckle field.
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4.4. Nonlinear regime

The interplay between localization effects and nonlinearities opens a vast domain
of investigation with very rich physics. Cold atomic gases in disordered optical po-
tentials, where the contact interaction can be tuned e.g. via Feschbach resonances,
constitutes an attractive realization to investigate such phenomena. It is also rele-
vant for the physics of random lasers, disordered scattering samples with gain which
have been the subject of an intense scrutiny for the past decade.49 Atomic gases are
well-known for their strong nonlinear behavior, which can be simply observed by
increasing the light intensity. Some manifestations of this nonlinear behavior have
been observed in our group, such as self-lensing50 or four-wave mixing.51 We study
in this section how the nonlinear scattering properties affect the CBS interference.

For a two-level atom, the nonlinear response to an applied electromagnetic field
is due to the saturation of the transition, which occurs when half the population
is in the excited state. The degree of saturation is quantified by the saturation
parameter :

s =
I/Isat

1 + 4(δ/Γ)2
, (9)

where Isat is a saturation intensity typical of the considered atomic transition
(1.6 mW/cm2 for Rubidium). For non-negligible values of s (compared to 1), part
of the photons are scattered inelastically by the atom due to vacuum fluctuations.
The inelastic scattered light spectrum is determined by both s and δ, and exhibits
a 3-peaks shape known as the Mollow triplet.52 The ratio of inelastic to elastic scat-
tering rates is s, thus elastic scattering dominates at s < 1 while inelastic scattering
dominates for s > 1.

Inelastic scattering results in frequency redistribution, thus we expect a loss of
CBS interference contrast from quite the same argument as used in Sec. 4.3 for
Doppler redistribution. Figure 15 illustrates the simplest double-scattering picture,
in a perturbative approach where we consider a single inelastic scattering event
per multiple scattering path.53 In this picture where we assume identical outgoing
frequencies, the occurrence of inelastic scattering does not suppress the interference
but reduces its contrast due to the different amplitudes for the reversed paths. This

ω (1)

(2)

ω'
ω

ω

ω'

ω'

Fig. 15. Role of inelastic scattering in CBS. We consider a perturbative, double-scattering picture.
A single inelastic scattering occurs per multiple scattering path, seen here at atom 2. Since atom 1
scatters photons at different frequencies ω and ω′, the amplitudes for the reversed processes are
different, resulting in a reduced interference contrast.
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Fig. 16. Decoherence in the nonlinear regime. We record (symbols) the CBS enhancement as a
function of the saturation parameter (δ = 0) for: (A) a cold cloud of Rb85 of optical thickness
b ≈ 10 (h ⊥ h), (B) a cold cloud of Sr88 of optical thickness b = 2.5 (h‖h). The dashed line in
(B) is a 2-atom, non-perturbative calculation. The solid lines in (B) is a perturbative calculation
valid for optically-thick samples (see text).

non-zero contribution of inelastic scattering was also noted in the limit of large
saturations (s � 1) using a non-perturbative approach.54 We may thus re-write
Eq. (4) for the CBS enhancement the form:

η = 1 +
Cel + Cin

S + Lel + Lin
, (10)

with Cel/Lel = 1 and Cin/Lin < 1. Note however that this simple picture is valid
for double scattering only, as will be further discussed later.

The reduction of CBS interference in the nonlinear regime was first observed
in our group on cold clouds of Rb85 [see Fig. 16(A)] and Sr88 [Fig. 16(B)].55 The
group of M. Havey later also reported a decreased interference when saturation is
increased.56

In Fig. 16(B) a linear decrease η � 2−0.6×s is observed for moderate saturations
0 < s < 0.7. In the case of Rb85 [Fig. 16(A)], the decrease rate is similar with a
reduction of the CBS peak height by a factor ≈ 2 at s = 0.8. These decreases are
faster than expected from the 2-atom models53 and54 [dashed line in Fig. 16(B)].

The discrepancy between experiments and 2-atom models is not a priori surpris-
ing, since several additional effects are expected to arise in the case of optically-thick
samples. One example is the inhomogeneous intensity distribution to which atoms
are subjected. The local field at a given point inside the cloud is the sum of the
“coherent” (i.e. incident) field attenuated by its passage through the front layer and
the diffuse field radiated by all other atoms. The first term can be computed using
the nonlinear version of Beer–Lambert’s law, assuming that the influence of the dif-
fuse light on the local saturation can be neglected. For optically-thick clouds b > s,
the coherent component exhibits a large spatial variation with maximal values at
the front surface and a vanishing intensity deep inside the sample. The evaluation
of the diffuse component requires to solve a “nonlinear diffusion equation”, with
the further complication that inelastic scattering changes the light mean-free path,
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Fig. 17. Role of optical thickness in nonlinear CBS. We record the CBS peak height η − 1 for
Rb85 in the h ⊥ h channel (δ = 0), as a function of the optical thickness of the cloud in the
linear regime s = 0.06 (open circles), and the nonlinear regime s = 2 (solid circles, × 2). A much
stronger variation is observed in the nonlinear case.

which in turn affects the diffusive modes. In general, the spatial variation of the
diffuse modes is rather weak. The resulting total intensity can thus exhibit a quite
inhomogeneous distribution inside the sample. An experimental evidence for the
role played by this inhomogeneous intensity distribution is shown in Fig. 17.

We record the CBS peak height η−1 for Rb85 as a function of the optical thick-
ness (measured at s � 1), in the linear regime s = 0.06 (open circles) and in the
nonlinear regime s = 2 (solid circles). In the latter, the peak height has been mul-
tiplied by 2 to ease the comparison: at large optical thickness, one has η ≈ 1.16 in
the linear case and η ≈ 1.08 in the nonlinear one. We see that in the linear regime
the CBS peak height depends only weakly on the optical thickness (7% relative
variation), as already discussed in Sec. 4.2 [Fig. 10(B)]. On the contrary, in the
nonlinear case, we observe a much stronger variation with a four-fold increase. Two
mechanisms can conspire to produce this effect. Both rely on the inhomogeneous
intensity distribution discussed above: very crudely, for 1 < s < b the sample is
composed of a front saturated layer, followed by a back layer where the incident
mode intensity is strongly attenuated yielding s < 1 (linear case). In this regime,
further increasing b amounts to increasing the proportion of atoms exposed to a
low saturation. This has two consequences. First, saturated atoms are expected
to contribute less to CBS than unsaturated ones, which yields an increasing η(b).
Second, saturated atoms produce mainly single scattering (“bleaching”), while the
optically-thick back layer is responsible for most of the multiple scattering contri-
bution. Thus, increasing b reduces the overall proportion of single scattering, which
also yields an increasing η(b). In the absence of reliable models for the Rb case of
Fig. 17, it is difficult to estimate the relative contributions of these two mechanisms.
Preliminary observations on Sr, where single scattering can be filtered out, do not
show such a large variation which suggests a dominant role of single scattering in
the evolution of Fig. 17.
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Fig. 18. Role of the light detuning in saturated CBS. We record in (A) the CBS peak as a
function of the detuning from resonance δ of the incident light (Rb85, h ⊥ h). For each detuning
value, the light intensity and number of trapped atoms are adjusted to maintain fixed saturation
s = 0.8 and transmission T = 0.13. The interpretation (see text) of this behavior is illustrated
in (B) with the results of a 2-atom calculation (0 → 1 transition) showing: the inelastic-to-elastic
ratio Lin/Lel (dashed line), the inelastic contrast Cin/Lin (thin solid line) and the total CBS
enhancement (bold solid line).

In addition to the effects discussed above which should arise in the case of
optically-thick samples, more intriguing phenomena occur when considering more
than two atoms.57 Indeed, if one now allows more than one elastic scattering in
addition to the single inelastic scattering, one then has to consider interferences
between three amplitudes instead of two. This allows in principle the possibility
to observe a CBS enhancement factor > 2 (with a maximal value of 3), provided
that the elastic component can be filtered out.57 However, in the absence of such a
filtering, the 3-amplitude term has the effect of further decreasing the CBS enhance-
ment. As a consequence, the decay of η with increasing s is faster for larger optical
thicknesses. This is illustrated by the solid line in Fig. 16(B), which corresponds to
a MC simulation (b = 2.5) along the lines of Ref. 57. The observed decrease, much
faster than in the 2-atom case (dashed line), is attributed to the three-amplitude
mechanism. We note that the theory is still off the experimental data, but we em-
phasize that this perturbative approach is only valid in the limited range sb2 � 1.
More careful experiments are required in this regime to quantitatively check this
theory.

In the regime of linear CBS, the detuning of the incident light plays no intrinsic
role i.e. it just affects the optical thickness of the cloud, in the same way a change
of the number of atoms would (as long as additional off-resonant transitions can be
neglected, see Fig. 10(B)). In the nonlinear regime, this picture changes, because
the spectrum of the scattered light depends both on the saturation s and on the
detuning δ. This intrinsic role of the detuning can be measured experimentally as
illustrated in Fig. 18(A).

The CBS enhancement factor is measured as a function of δ. For each value of δ,
the light intensity and number of trapped atoms were adjusted to maintain a fixed
saturation s = 0.8 and a fixed transmission T = 0.13. If one neglects the influence
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of the diffuse light in the local saturation parameter, these precautions amount
to fixing the profile of excitation inside the sample. Despite this, we observe a
definite effect of the detuning, with a decreasing CBS interference when |δ| increases.
Note that in the linear regime, the enhancement would be independent of δ in this
experiment. This behavior is also predicted by a 2-atom calculation of B. Grémaud
(Fig. 18(B)) and can be understood qualitatively as follows. The inelastic spectrum
of the light scattered by a single atom is typically described by the Mollow triplet,52

with three peaks centered at 0, δ and 2δ respectively. In the δ = 0 case, all three
peaks are superimposed and centered on resonance. The scattered light also has an
elastic component, which by definition is a Dirac peak centered at the incident light
detuning δ. In our naive 2-atom picture, the CBS interference is due to the elastic
contribution (maximal contrast) and the inelastic contribution (reduced contrast).
The total CBS contrast thus depends on the elastic-to-inelastic ratio, and on the
contrast of the inelastic contribution. The later depends on the amount of frequency
redistribution ∆ω introduced by inelastic scattering (see Fig. 15). Because one peak
of the Mollow triplet is always centered on resonance and thus dominates the other
Mollow components, one has ∆ω ≈ δ. Thus, increasing |δ| has two consequences:
first, the inelastic-to-elastic ratio increases (Fig. 18(B), dashed line) because the
elastic light is detuned while the inelastic peak remains on resonance. Second, the
inelastic contrast decreases (Fig. 18(B), thin solid line) because ∆ω increases. Both
effects add up to decrease the total enhancement factor (bold solid line). It is worth
mentionning here that the actual situation is in principle much more complicated
(even for just two atoms) due again to the internal structure of the Rb atom. Indeed,
the spectrum of the light scattered by an atom with a Zeeman degeneracy exhibits
some peculiar features which are qualitatively different from that of the 0 → 1 atom
described by the Mollow triplet.58

As already mentioned, no theoretical treatment is at present able to describe
the experiments reported here, namely in the regime of both s and b > 1. Some
recent efforts have permitted us to extend the analysis to large saturations and
optical thicknesses,59 but without accounting for inelastic scattering. This could
in principle be achieved using the approach of Ref. 60. Many intriguing questions
remain open, in particular regarding the interplay of multiple scattering and gain
in connection with the physics of random lasers.

5. Conclusion

We have presented in this paper a review of our work on the quasi-diffusive transport
of near-resonant light in cold atomic vapors. The unusual properties of these media,
such as e.g. their strong resonance and nonlinear response, have allowed us to
observe some interesting new regimes and physics. For instance, the use of laser-
cooled atoms allowed us to study radiation trapping in a new “frequency diffusion”
regime, bridging the gap between the usual elastic and Doppler regimes of transport.
Due to the strongly resonant and very monodisperse ensemble of scatterers, we
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observed an unprecedented energy transport velocity of ≈ 10−5c. Using the coherent
backscattering interference as a probe of coherent transport, we have identified three
distinct decoherence mechanisms (internal structure, atomic motion, nonlinearity).
From this analysis, we expect for ultracold vapors the recoil-induced decoherence to
ultimately limit the coherence length to rather small values < 10� (≈ 6� for Sr88).
We are currently upgrading our experiments to approach the theoretical threshold
k� = 1 for Anderson localization in 3D. One may argue that the transition to
localization will not be observable if Lφ < Lloc, where Lloc is the localization
length. In 3D the localization length is typically much larger than the mean-free-
path � ( Lloc/� ≈ 103−104 in9). It thus seems extremely difficult to reach the regime
Lloc < Lφ in cold vapors, which questions the possibility to observe 3D Anderson
localization in such systems.
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