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ABSTRACT

For large bulk disordered media, light transport is generally successfully described by a diffusion process. This
picture assumes that any interference is washed out under configuration average. However, it is now known
that, under certain circumstances, some interference effects survive the disorder average and in turn lead to wave
localizations effects. In this paper, we investigate coherence of a monochromatic laser light propagating in an
optically thick sample of laser-cooled strontium atoms. For this purpose, we use the coherent backscattering
effect as an interferometric tool. At low laser probe beam intensities, phase coherence is fully preserved and
the interference contrast is maximal. At higher intensities, saturation effects start to set in and the interference
contrast is reduced.

1. INTRODUCTION

One of the fascinating properties of photons, like all quantum objects, is interference. In the well-known two-
slits experiment, the photon experiences the two slits at the same time, i.e. takes two different paths to reach
the detector. The detection probability P is obtained from the superposition principle which states that P =
|Ay exp (ip1) + Ag exp (ip2)|? where A, exp (ip,) is the quantum mechanical amplitude to go through slit n
while the other is closed. Interference effects are then encoded in the phase-difference p = ps — 1. As a result,
depending on the ¢ value, the two paths may interfere constructively or destructively and correspondingly lead
to an increased or decreased detection probability and thus to interference fringes. These quantum interferences
are very sensitive to any phase-breaking mechanisms destroying coherence.

The same principles apply for monochromatic light shining and being scattered off an optically thick disor-
dered sample. For a given configuration of scatterers, the scattered light exhibit a well-known speckle pattern.
This pattern originates from the coherent superposition of all possible quantum amplitudes A, exp (ip,) as-
sociated to each possible scattering path p inside the medium. The detection probability is thus now P =
|Zp A, exp (ipp)|®. Averaging now over all possible scatterers configurations, one may think that all interfer-
ence terms of the form 37 A,Agexpi(p, — ¢g) will be washed out. This is true unless paths p and g are
geometrically the same but travelled in opposite direction. We then say that we face pairs of reversed paths. In
this case, disorder average cannot break the two-wave interference associated to these pairs of scattering paths.
This is the basic surviving interference effect at the heart of the coherent backscattering (CBS) phenomenon.
Collecting light retro-reflected off the sample, the average detection signal exhibits a narrow angular cone around
exact backscattering. The angular width of the CBS cone typically scales as (k¢)~! where k is the light wave
vector and ¢ the light scattering mean free path inside the sample. This CBS cone is a hallmark of interfer-
ence effects in multiple scattering! > even if other interference effects which survive disorder-average also exist
: weak localization effects (interference corrections to the Boltzmann diffusion constant), universal conductance
fluctuations,> %% etec.

Technically speaking, the semi-classical picture developed so far to explain interference effects in multiple
scattering is valid in the (weak localization) regime k¢ >> 1. When disorder is so strong that the onset k¢ ~ 1
is reached (Ioffe-Regel criterion), then a disorder-induced ”metal-insulator” transition occurs. Optical states



in the bulk are exponentially localized and transport is inhibited. This is the celebrated Anderson scenario
(strong localization phenomenon) valid for any kind of linear waves.>” For infra-red optical light, only one
experimental observation® has been reported so far but further investigation is still required due to possible
residual absorption.? 1

The CBS effect can be used as a powerful interferometric tool to study possible phase-breaking mechanisms
at work while the light wave interacts with a random medium. As a (multi) two-wave interferometer, the CBS
interferometer shares many similarities with other, more common, two-wave interferometers like the two-slit
set-up. However it has also some particular and unusual properties: it is an automatically self-aligned, zero
path-length set-up. This interferometer is thus very robust. The CBS enhancement factor «, defined as the ratio
between the intensity collected at exact backscattering and the intensity collected far off exact backscattering, is
a measure of the degree of coherence of light leaving the medium. When coherence is fully preserved, « takes its
maximal value in the so-called parallel polarization channels and is exactly 2 for spherically symmetric scatterers
in the helicity-preserving polarization channel h||h. In this case, any phase-breaking mechanism inducing a
coherence loss between the interfering multiple scattering reversed paths is expected to yield an enhancement
factor smaller than 2 in the hl|h channel.

This makes the CBS interferometer an unique tool to study decoherence effects in multiple scattering. As
an example, we may cite the decoherence induced by a Zeeman-degenerate internal structure (for experiment
see'l 12 and!3 for theory) and also the corresponding surprising restoration of interference by applying an external
magnetic field.'*

In this paper we present a collection of CBS experiments done with a cold strontium (¥¥Sr) atomic cloud
as an optically thick disordered medium. Using an atomic gas to investigate wave transport phenomena offers
substantial advantages with respect to classical Mie or Rayleigh scatterers. First, as point-dipole scatterers, the
maximum light scattering cross-section o = 67/k? is far much larger than the square of the geometrical size
itself. Scattering is thus very efficient. Second, as atoms are extremely resonant scatterers, a slight detuning of
the incoming light with respect to the internal atomic resonance (by few linewidths I') can change by several
orders of magnitude the light scattering efficiency. Third, atoms of a given species are perfect monodisperse
scatterers. The major drawback is the large transport time 7 > I'"! (= 5ns for strontium)!® which imposes
a Doppler broadening much smaller than I'.'1® Cooling atoms in a Magneto-Optical Trap (MOT) circumvents
this difficulty.

The strontium MOT and its main characteristics will be given in section 2. Then in section 3, we will describe
the results obtained in two different regimes : the elastic scattering regime obtained at low laser intensities and
the inelastic scattering regime obtained at high laser intensities. In the first case, coherence is fully preserved
while in the second case it is altered due to vacuum-induced dipole fluctuations.

2. COLD ATOMIC CLOUD
2.1. MOT set-up

The cold strontium cloud is produced in a magneto-optical trap (MOT) set-up. The cooling transition is the
optical dipole transition line 1Sy — 1P at A = 461 nm. This transition thus connects a Jg = 0 ground state to a
Jo. = 1 excited state. The excited-state natural linewidth is I'/2m = 32 M Hz and the corresponding saturation
intensity is Iy = 42.5mW/cm?.

First an effusive strontium beam is extracted from an oven operating at 500° C. Then a 27 cm long Zeeman
slower reduces the strontium longitudinal velocity within the velocity capture range of the MOT, i.e. ~50m/s
(Fig. 1la). The Zeeman slower, MOT, and probe laser beams all operate at 461 nm and are generated from
the same frequency-doubled source detailed in.'” Briefly, a single-mode grating stabilized diode laser and a
tapered amplifier are used in a master-slave configuration to produce 500 mW of light at 922 nm. This infrared
light is then frequency-doubled in a semi-monolithic standing-wave cavity with an intra-cavity KNbOg nonlinear
crystal. The cavity is maintained at resonance with the infrared light thanks to a feedback loop. The second
harmonic exits the cavity through a dichroic mirror providing 150 mW of tunable single-mode light, which is
then frequency locked on the 461nm strontium line in a heat pipe (Fig. 1b). We use acousto-optic modulators
for subsequent amplitude and frequency variations. The MOT is made of six independent trapping beams. Each



beam is carrying an intensity of 5.2mW/em? and each beam waist is 8 mm. The trapping beams are red-detuned
by § = —TI" with respect to the atomic resonance line. Two anti-Helmoltz coils generate a 70 G /cm magnetic field
gradient to trap the atoms.
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Figure 1. MOT (a) and Laser (b) set-ups . For more details see text.

2.2. MOT parameters
2.2.1. Trapped population

The 461 nm transition used for cooling is not a closed transition. Hence, atoms in the ! Py state can radiatively

decay to the 1D, state and then to the triplet 3P, and 3P, states (see Fig. 2). Atoms ending in the long-lived

3P, state are then lost. The maximum optical pumping loss rate (obtained at large laser intensities) is 410 s~!

whereas the loading atomic flux in our experiment is about 10° s~!. Hence pumping losses can reduce the number

of trapped atoms down to typically 106 atoms but do not prevent by themselves the formation of the cold atomic

cloud. In Fig. 3, the MOT lifetime is shown as a function of the saturation parameter s
S0

* T 1140212 )

where sg = I/l is the on-resonance saturation parameter (I being the total MOT laser intensity) and § is the
laser detuning. The plain curve is obtained by considering optical pumping as the only loss mechanism with no
adjustable parameters. We see that the overall experimental behavior is well reproduced by this simple model.
We think that the small mismatch may come from systematic errors in the measurements of the laser intensity
or detuning.

In principle, atoms should be efficiently shielded from these optical pumping losses by adding two additional
lasers on resonance with the 3P, —2 S; line at 707 nm and with the 3P, —3 S; line at 679 nm. Using only
the 707 nm laser, atoms are pumped to the 3Py metastable state. The relative maximum gain G of the trapped
population should then be:

G = FSSIHSPI (2)
I's S1 3Py
It corresponds to the ratio between the inverse decay probability of the 3S; state to the 3P, and the inverse
decay probability of the 3S; state to the 2P, state. From Fig. 2, we get G = 3. Hence the maximum gain of
the trapped population should be 1 + G = 4. However the measured gain is only around 2.5, i.e. lower than
the expected value. We think that this discrepancy is due to the MOT magnetic field gradient which expels the
atoms pumped in the anti-trapping Zeeman states of the ' Dy and 2P, levels.

By using the two pumping lasers, the number of trapped atoms is increased up to about N ~ 108. In this
configuration, the MOT lifetime is essentially dominated by inelastic cold collisions, residual optical pumping
and hot collisions with the uncooled strontium atoms of the atomic beam. Operating at low laser intensity, the
number of trapped atoms is substantially decreased and the hot collision loss channel becomes the dominant one.
In this case the MOT lifetime is found to be 0.5 s.
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Figure 3. Measured MOT decay rate as a function of the saturation parameter s of the MOT beams (full circles) and
its comparison to a theoretical model based on optical pumping losses (plain line). The dashed line corresponds to the
maximum decay rate obtained at s > 1. The experiment was done at § = —1.4T".

2.2.2. Size and density

The MOT size is obtained by fluorescence imaging on a CCD camera. The MOT shape is roughly gaussian with
a rms radius of a fraction of mm. In Fig. 4a, the MOT rms volume V is plotted as a function of the number
N of trapped atoms. We have observed two different behaviors : at low laser intensities, the MOT volume is
roughly independent of N while it increases with N at higher laser intensities. This phenomenon is well known'8
and comes from multiple scattering of light in the cold cloud. Indeed if a scattered photon is re-scattered again
in the MOT before leaving it, it induces a repulsive force between atoms and the MOT cloud inflates. If the
scattering event is elastic, the repulsive force is compensated by the attractive force due to shadowing (trapping



beam attenuations). At higher intensities (see section 3.3), the scattering becomes mostly inelastic, and the
repulsive force dominates. The volume of the MOT cloud is then determined by balancing the trapping and the
repulsive forces. This situation is well evidenced by the plot at sy = 0.45 in Fig. 4a.
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Figure 4. (a) rms MOT volume V as a function of the trapped population N for two different on-resonance MOT
saturation parameters. When so = 0.13, V' is quasi independent of N while it increases with N when so = 0.45. (b) MOT
spatial peak density versus the on-resonance MOT saturation parameter sg. For so small, N is reduced and accordingly
n. For so large, V increases faster than N and n is decreased. The maximum density is roughly n ~ 410° atoms/cm?.
Both experiments were performed at § = —0.9T".

Knowing the MOT volume V and the number N of atoms, we can deduce the MOT density n. In Fig. 4b,
the MOT peak density n is plotted as a function of the on-resonance saturation parameter sg. At low sg, n is
reduced because the trapping force is small and N decreases. At higher sg, n is reduced because the multiple
scattering repulsive force sets in and V is increased faster than N. The maximal density is about n ~ 410°
atoms/cm? and is obtained at so ~ 0.15.

2.2.3. Optical thickness

An important parameter for localization experiments is the optical thickness b of the cold cloud. This quantity
is defined by the exponential attenuation of a light beam propagating through the MOT (Lambert-Beer law) :

I, =Iye® (3)

where I; is the transmitted intensity and Iy the initial intensity. Noting by L the MOT rms diameter, then
b = L/l., where {., is known as the extinction length. When the only attenuation mechanism is depletion by
scattering, the extinction length reduces to the scattering mean free path £:

(=— (4)

no

where n is the atomic density and o the light scattering cross-section

_ 90 . _ﬁ (5)
T 1raz2z 0 T op

Multiple scattering is said to set in when b 2 1. For b > 1, light transport in the bulk is successfully described
by a diffusion process. In our case, the optical depth at resonance is b ~ 3 : it is enough to evidence multiple
scattering effects but not enough to reach the diffusive transport regime. The light scattering mean free path is
¢ = L/b =~ 0.4mm, giving k¢ ~ 10* (k = 27/) is the incoming light wavevector). Our MOT cloud is thus far
from achieving the Anderson localization threshold k¢ =~ 1 where strong localization of light is expected to occur.
However, as we will see in the next sections, even in this weak localization regime where k¢ > 1, interference
effects influencing transport in multiple scattering can be evidenced.
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Figure 5. Measured velocity dispersion o, as a function of the on-resonance saturation parameter so at 6 = —I'/2.

The experimental data (open circles) are compared to the bare Doppler prediction (dotted line) and to the Monte-Carlo
simulation (solid line) taking into account transverse spatial intensity fluctuations. While the Doppler theory is completely
off, very good agreement is found with our theoretical model (see text).

2.2.4. Temperature and phase-space density

Since the optical cooling dipole transition involves a J; = 0 ground state, only Doppler cooling is present. Hence
the lowest expected temperature is about 0.5 mK much higher than standard temperatures in MOTs operating
with alcaline atoms where Sisyphus-type mechanisms are also present.

We have however measured here temperatures larger than the Doppler predictions. As an example, Fig. 5
shows the measured velocity dispersion o, in a 1D optical molasses as a function of the on-resonance saturation
parameter sy (for more details see'®). The dotted curve corresponds to the Doppler theory prediction and
is completely off the experimental data. In fact, Doppler cooling proves very sensitive to heating induced by
transverse spatial intensity fluctuations. The plain curve in Fig. 5 is the result of a Monte-Carlo simulation
taking into account these intensity fluctuations. As one can see, a perfect agreement with experimental data is
then recovered.

In the MOT, the typical measured temperature is about 5mK (o, =~ 1m/s). Even if the situation is more
complex here than in pure 1D molasses, we think that heating due to spatial intensity fluctuations still exist
and explain the high temperatures found in our experiment'® but also in other earth-alcaline MOTs.?2%23 Note
however that we still have ko, /T &= 5% < 1 so that Doppler broadening is completely negligible.

Figure 6 displays the Strong Localization and the Bose-Einstein thresholds in the temperature and density
plane. The BEC threshold occurs at a phase-space density n)\?i 5 ~ 2.7. The strong localization threshold occurs
at k¢ ~ 1 which fixes, at resonance, the density onset for localization at n* ~ k®/6m. For the strontium MOT
operating at A = 461 nm, the obtained phase-space density is nA35 ~ 51072 thus far from the BEC onset.
The achieved spatial density is n ~ 4 10? atoms/cm? still far from the density onset n* ~ 1.510'* atoms/cm? at
A =461 nm.

3. COHERENT BACKSCATTERING

In this section we present results on CBS experiments. Section 3.2 discusses on light scattering at low saturation
parameter s. In this case, the excited-state population can be ignored and the atomic dipole is successfully
described by a classical damped dipole (elastically-bound electron model).?* Light scattering by this classical
dipole is then purely elastic. This regime is achieved either when sy < 1 or by sufficiently detuning the light
frequency to impose s < 1.
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Figure 6. Strong Localization and Bose-Einstein thresholds in the temperature and density plane in Log-Log units. The
BEC threshold occurs at a phase-space density nA\35 ~ 2.7. The strong localization threshold occurs at k¢ ~ 1 which
fixes, at resonance, the density onset for localization at n* ~ k®/67 giving n* ~ 210" atoms/cm?® at A = 461 nm. For
the strontium MOT operating at A = 461 nm, the phase-space density is nA\35 ~ 5107'2. By cooling strontium atoms
with the spin-forbidden transition at A\ = 689 nm, the phase-space density can be increased by a factor about 107 while
the spatial density is increased by a factor about 10. For A = 689 nm, the density onset for strong localization is now
n ~ 410" atoms/cm?®.

Section 3.3 shows the results obtained when the probe beam saturation parameter s is increased. In this case,
the excited-state population is no more negligible and several related effects start to play a significant role. The
first one is vacuum-induced fluctuations of the driven atomic dipole. The scattered light spectrum then exhibits
a broad inelastic component giving rise to the well-known Mollow triplet at strong fields.?® 26 The total inelastic
rate is Diner = Dyor 8 (1 + ) 7! whereas the elastic one is T'e; = Tyop (1 4+ s) 71 where T'yoy = I'/25(1 + s) 7! is the
total scattering rate (see Fig. 7). The inelastic component thus dominates over the elastic one as soon as s > 1.
The correlation time 74 of the scattered field is then reduced down to the order of the excited-state lifetime
T, = I'"1. These uncontrolled field phase fluctuations during the multiple scattering events are consequently
expected to yield to a decoherence mechanism. This decoherence will be effective as soon as 74 is comparable or
shorter than the light transport time 7*. For resonant scatterers like atoms, 7% > T'~1 as it is showed in'® and
we see that, for inelastic scattering, 7* > 7,. Theoretical investigations based on a simple toy-model?”?® have
shown that the inelastic spectrum introduces phase-shifts and amplitude imbalance between the CBS interfering
paths leading to a CBS enhancement factor reduction. However, even in the limit s — oo, the CBS enhancement
factor o achieves a finite value o ~ 1.05.28 This is a clear indication that decoherence induced by the inelastic
spectrum is not sufficiently strong to fully erase the CBS interference effect. In the experiment, we have indeed
observed a CBS reduction (see section 3.3). However, our data cannot be directly compared to the prediction
of2":28 who considered just two atoms alone in vacuum.

A second effect is field-induced nonlinearities. Since the excited-state population is no longer negligible,
the scattering efficiency, related to the groundstate population, is reduced. This nonlinear effect is embodied
in the scattering cross-section which now becomes oy = o (1 + s)~!. Equivalently, the atomic susceptibility
x also shows up a dependence on the local saturation parameter s. In turn, light propagation properties are
also modified : generation of a nonlinear refractive index for the effective medium (e.g. Kerr effect), four-wave
mixing, filamentation, etc.2® For classical scatterers, theoretical studies investigating the impact of x(#3% and
x®)31 nonlinearities do not predict any CBS enhancement factor reduction. This seems to be supported by
experimental work on CBS in gain medium.32
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Figure 7. Light scattering rates of a two-level atom (in units of I') as a function of the saturation parameter s. The
dotted line represents the elastic scattering rate I'e; = I'to¢ /(1 + ), the dashed line the inelastic one I'jne; = I'ior /(1 + 5).
The plain line is the total scattering rate I'iot = Det + Diner = 8/2(1 + ).

3.1. Experimental procedure and data processing

The detailed experimental procedure needed to observe light CBS on a cold atomic cloud has been published
elsewhere.!’ For the present experiment, the signal is obtained using a collimated resonant probe laser beam
with a waist of 2 mm. The scattered light is collected in the backward direction by placing a CCD camera in the
focal plane of an achromatic doublet. The angular resolution of our apparatus is about 0.1 mrad, roughly twice
the CCD pixel angular resolution. To shield the (weak) CBS signal from the (intense) MOT fluorescence signal, a
time-sequenced experiment is developed. The MOT trapping beams and the magnetic field gradient are switched
off during the CBS acquisition sequence. The probe pulse duration is adjusted accordingly (typically from 5 to
70us) to keep the maximum number of scattered photons per atom below 400. In this way, mechanical effects
can be neglected since 400 kv, = T'/3, where v, is the atomic recoil velocity associated with the absorption
of a single photon. Once the CBS signal has been recorded, the MOT is switched on again and strontium atoms
are thus recaptured. The whole sequence is then repeated as long as necessary (few minutes) to get a good
CBS signal-to-noise ratio. The CBS images are finally obtained by subtracting the background image taken
without any cold atoms. This background image is recorded in the absence of the magnetic gradient during all
the acquisition time. We have thus checked that the fluorescence signal from the residual strontium atoms was
indeed negligible.

The CBS parameters (enhancement factor and cone width) are obtained using a two dimensional fitting
procedure. In the helicity polarization channels, the CBS cone is isotropic.?® Thus the signal-to-noise ratio can
be significantly improved by first pinpointing the center of the CBS cone and then performing a polar average of
the image (see figures 3.1). The obtained CBS cone is then fitted by a Monte-Carlo simulation®® performed in
the elastic scattering regime and using the ”partial photon” trick®*3® to extract the scattering contributions at
different scattering orders. The amplitude of a multiple scattering path is computed as a function of the initial
and final polarizations and of the geometrical positions of the various scatterers which are spatially distributed
with a Gaussian of rms size L. The spatial variations of the scattering mean free path during the photon
propagation are thus faithfully taken into account in our numerical procedure.

At low saturation parameter, the Monte-Carlo calculation is in excellent agreement with our experimental
data (see Fig. 3.1a). At higher saturations, the experimental cone shape does not change significantly. Hence
we still use the same Monte-Carlo calculation, performed at low saturation parameter, to fit the CBS cone even
at larger s (see Fig. 3.1b).

In the fitting procedure, we have also taken into account the finite angular resolution of our detection set-up
and of the residual divergence of the CBS probe laser. Thus, prior to the fitting procedure, the Monte-Carlo
calculation is convolved by an appropriate Gaussian function. This allows us to remove a systematic error of
about 10% on the enhancement factor value.
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Figure 8. Plot of the experimental CBS cone as a function of the backscattering angle in the hl|/h helicity-preserving
polarization channel (open circles). Both curves are obtained at 6 = 0. (a) so = 0.05 (elastic regime) and (b) so = 0.71
(saturated regime). The solid line corresponds to the Monte-Carlo simulation of the CBS cone (elastic regime) in the hl/h
polarization channel (see text).

3.2. The elastic regime

For J, = 0 groundstate atoms, it can be shown that the multiple scattering interference contrast is maximal in
the polarization preserving channels (h||h and lin||lin channels). This is the case for strontium. Accordingly,
the enhancement factor (peak to background signal ratio) takes its maximal value 2 in the helicity preserving
polarization channel h||h where the single scattering signal is rejected.!® In all other polarization channels, the
enhancement factor is smaller than 2.

Using a resonant probe beam with sg < 1, the experimental enhancement factor is found to be o = 1.95+0.03
at b = 3 in the helicity preserving channel (h|/h). With the same probe beam but now detuned at I'/2 from
the resonance, we found @ = 1.92 + 0.04 at b ~ 1.5. These values are very close to the maximal expected
value of 2. We think that the small discrepancy is most probably due to contamination of the h|/h polarization
channel by residual single scattering signal (for more details see®S). This happens preferentially at low optical
thicknesses where single scattering has the largest contribution to the total backscattered signal. For this reason,
the enhancement factor is more reduced for § = I'/2 than for § = 0. As expected, in the h L h, lin||lin and
lin L lin polarization channels, the enhancement factor is much smaller than 2. The results are in very good
agreement with the Monte-Carlo calculations.

3.3. The saturated regime
3.3.1. Probe beam transmission

Beyond the complexity of the situation under consideration (multiple scattering with nonlinear and inelastic
scatterers), one has to deal also with nonuniform scattering properties. Indeed, even in an homogeneous slab
geometry, the local intensity is not constant, as the incident coherent beam is attenuated when penetrating into
the medium. Hence the atoms located deeper inside the medium will not be saturated in the same way as the
atoms on the front part of the sample. Thus the saturation, and hence the scattering cross-section, will not
be constant along a given multiple scattering path. The importance of the spatial variation of the saturation
parameter can be estimated by looking at the attenuation of the coherent beam. In Fig. 9, we report the
measured transmission and we compare it with the Lambert-Beer theoretical prediction taking into account the
nonlinear reduction of the cross-section. If one assumes that the local atomic saturation is dominated by the
incident field and not by the scattered field, the optical transmission T'(z) = s(z)/s, with s the incident saturation
parameter, is obtained by solving the following equation:

daT dz
1+sT) = ==
(1+sT) 5 =-2 (6)
The factor (14 sT') features the nonlinear reduction of the scattering efficiency. When sT' > 1, (1 + sT') = sT
and dT' = —dz /sl leading to a linear decrease of the transmission with z
T(z)zl—i ; zf =3t (7

Z*
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Figure 9. Resonant (6 = 0) coherent transmission 7" along a diameter of the cold strontium could as a function of the
incident saturation parameter s. The solid line corresponds to the theoretical nonlinear Lambert-Beer prediction (see
text). The agreement with the experimental data is good up to s = 1.2.

When sT <« 1, (14sT) =~ 1 and dT/T = —dz/{ leading to the normal Lambert-Beer law and to its exponential
attenuation

T(z) = exp (—z/{) (8)

Starting with s > 1, the cross-over between the two regimes sT > 1 and sT < 1 occurs around z*. Noting
by b = L/{¢ the low-saturation optical thickness, one immediately sees that the medium is fully saturated once
s > b. For s < b, the medium can be roughly described as composed of a first saturated slice of approximate
width z* followed by a remaining non-saturated slice of width L — z*.

The good agreement between the measured transmission and our simple nonlinear Lambert-Beer model (6)
proves that saturation plays a role in our experimental conditions (since otherwise the transmission would not
depend on s) and that the local atomic saturation is indeed dominated by the incident field.

3.3.2. Enhancement factor

Figure 10a shows the dependence of the CBS enhancement factor as a function of the incident saturation
parameter s when 6 = 0. For each value of s, the total number of cold atoms in the cloud is adjusted in
order to maintain the coherent transmission T" as constant as possible (T' ~ 0.085 in the experiment). The most
striking feature is the rapid quasi-linear decrease of the enhancement factor as s is increased. The slope derived
from a rms-procedure is (da/ds) = —0.6. The single scattering contribution has been numerically estimated to
increase by less than 10% when the saturation parameter is increased up to s = 0.8. As the helicity-preserving
polarization channel is not perfectly isolated from the single scattering signal, this increase induces a spurious
reduction of the enhancement factor. We have estimated it to be of the order of 1%, thus completely negligible
compared to the observed reduction. We can then faithfully claim that the observed CBS reduction comes solely
from saturation effects in the multiple scattering signal.

In order to see how the atomic resonance modifies the coherence properties probed by CBS, we have performed
another experiment at § = I'/2. The same experimental procedure has been used with a transmission now roughly
fixed at T'= 0.19. Asshown in Fig. 10b, a different general behavior is observed. First, at low intensity, the linear
decreasing is faster since (da/ds) ~ —1.8. Second, for larger saturation parameters (0.3 < s < 0.8) the decrease
is then slowed down. The two sets of data in Fig. 10a and 10b are obtained with a different transmission value,
but other studies have shown that the enhancement factor does not sensitively depend on the exact transmission
value.3” Bearing this fact in mind, we are led to the conclusion that s is not the only relevant parameter in
our experiment. This can be understood since the exact shape of the inelastic spectrum also depends on the
detuning ¢. In particular, for the detuned case, part of the inelastic spectrum will overlap the atomic resonance.
This resonant inelastic light will thus be scattered again more efficiently then the off-resonant elastic part. This
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Figure 10. CBS enhancement factor as a function of the incident saturation parameter s. (a) § = 0 and (b) § = I'/2.
The coherent transmission value is kept fixed at 7" = 0.085 for (a) and at T' = 0.19 for (b).

effect is e.g. responsible for an increase of the MOT volume in the multiple scattering regime as we discussed
in section 2. Finally in our experiment, the ratio between the amount of inelastic and elastic multiply scattered
light changes with the detuning. We can then conclude that the CBS reduction is due to the inelastic spectrum.

4. CONCLUSION AND PERSPECTIVES

In this paper, we have investigated phase coherence properties of a monochromatic light wave propagating in an
optically thick disordered sample of laser-cooled strontium atoms. For this purpose, we have used the coherent
backscattering effect as a self-aligned zero path-length interferometric tool. The CBS interference contrast is
maximal when the phase coherence is fully preserved during transport and is reduced as soon as phase-breaking
mechanisms set in. Concerning light scattering properties, strontium atoms behave as spherically-symmetric
resonant, point-dipole scatterers. We have seen that, when the incoming light is weakly saturating the atomic
internal resonance, coherence is fully preserved and CBS achieves its maximal contrast 2 in the helicity-preserving
polarization channel h|lh. As soon as the light intensity is increased, the CBS contrast starts to fall down
indicating that phase-breaking mechanisms are at work. This is so because vacuum-induced fluctuations of the
atomic dipole start to play a role. Nonlinear propagation effects as well as inelastic scattering occur which blur
the CBS effect. Understanding, if not circumventing, these spurious effects is important for the quest of strong
localization of light in disordered atomic samples. Indeed, localization is often explained, using hand-waving
arguments, as a result of the destructive interference between long scattering paths. As such, maintaining full
coherence appears as a strong request. Furthermore, a hypothetical localized optical mode in the atomic bulk
may saturate atoms located in its vicinity. This phenomenon may in turn completely modify the Anderson
scenario valid for linear waves. As we have seen however, our strontium MOT is far from fulfilling the density
requirement to reach the strong localization onset. However subsequent cooling of 33Sr on the 'Sy — 3P,
transition at 689 nm allows for a substantial gain in phase-space density and spatial density (see figure 6). One
can even achieve phase-space densities as high as 0.1.3® One may then think to use compression techniques to
reach the localization onset.

Our present studies may also prove valuable in the quest of the random laser regime in cold atoms. Coher-
ent random lasers®® are probably the most striking systems intrinsically combining both nonlinear effects and
disorder. With atoms, gain and nonlinearities are easily induced. In this respect, a key point is thus a proper
experimental and theoretical understanding of the mutual effects between multiple interferences and nonlinear
scattering.
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