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Abstract

We investigate some signatures of multiple scattering of light in a vapor of laser-cooled rubidium atoms. This sample
presents several unusual properties when compared to classical samples i.e. white paper or suspensions of dielectric par-
ticles: a very strong resonance, an internal structure of the atomic scatterer, and a spherically symmetric geometry with
a quasi-Gaussian density profile. We study how the light frequency modifies static quantities such as the coherent trans-
mission, the diffuse transmission and reflection, and the coherent backscattering cone. The experimental data are com-
pared to a Monte Carlo simulation including all experimental parameters.

© 2004 Elsevier B.V. All rights reserved.
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The propagation of waves in random scattering
media, a field which originated in astrophysics at
the beginning of the last century [1], has received
a renewed interest since the 1980s. Apart from var-
ious potential applications e.g. in medical imaging,
a more fundamental reason for this interest lies in
the role played by interferences. Indeed, it was
realized that interference between scattered waves
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can affect the transport in such media [2], empha-
sizing the need for theories going beyond the radi-
ative transfer treatment [3]. Many manifestations
of such phenomena have been reported in optics
including coherent backscattering (CBS) [4], uni-
versal conductance fluctuations [5] and strong
localization [6]. Among many kinds of media used
so far in studies of coherent multiple scattering of
light, cold atomic gases have recently appeared
[7,8]. These samples have some very unusual prop-
erties, which allow to study new regimes or new
physical situations [7,9-11]. They also constitute
a new tool to validate fundamental theories of
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light transport [12,13]. One striking property of the
atomic scatterer is the presence of extremely nar-
row resonances (quality factor Q = 10%). The ad-
vent of laser-cooling techniques has allowed to
produce collections of atoms with a negligible
Doppler broadening, which thus constitutes a
monodisperse sample of highly resonant scatterers.
As a consequence, the light mean-free path in such
samples can be varied over orders of magnitude by
simply tuning the light frequency a few MHz away
from the resonance. We illustrate this aspect in the
present paper, by measuring the frequency re-
sponse of various quantities linked to multiple
scattering.

We present some measurements of the coherent
transmission, diffuse reflection and transmission,
and CBS signal as a function of the laser detuning
from the atomic resonance. We compare these
data with Monte Carlo (MC) simulations includ-
ing all the experimental parameters, such as the
sample geometry and the complex atomic internal
structure.

In the present experiments, we use a probe
light quasi-resonant with the =3 — F' =4 tran-
sition of the D2 line of Rb® (wavelength 1 = 780
nm, linewidth I'/27 = 5.9 MHz). This atomic sys-
tem is quite far from an ideal 2-level system. First,
the ground state F =3 consists of seven degener-
ate Zeeman-sublevels. We will assume in the fol-
lowing that the atoms in the cloud are evenly
distributed among these sublevels, and neglect
optical pumping. Second, there are two other ex-
cited states accessible in the hyperfine structure
multiplet, namely the F'=3 and F' =2 levels
which are distant from the F' =4 state by 20
and 30 natural widths, respectively. Although we
will remain tuned within four natural widths from
the F' =4 level, we will see that the influence of
these far-detuned transitions can in principle be
detected [14]. The experimental setup to produce
the optically thick cloud of cold atoms and record
the CBS signal has already been described [7]. We
just recall here the typical parameters characteriz-
ing our sample of cold atoms, obtained from a
vapor-loaded magneto-optical trap (MOT). It
consists of a cloud with a roughly Gaussian den-
sity profile of average rms radius ry = 2 mm typi-
cally (the cloud shape is usually anisotropic). The

rms velocity (modulus) is 0.1 m/s (temperature in
the 100 puK range). Thus, the residual Doppler
broadening is much smaller than the width of
the resonance (kv.m¢/I' = 1/30) and the sample
can be considered monodisperse [15]. The optical
thickness along a diameter is defined by
b= —In(T.) = V2nry/¢ where { is the minimum
light mean-free path at the center of the cloud,
and T, the coherent transmission coefficient. Since
the atomic scatterers are resonant, both quantities
depend strongly on the detuning from resonance
0=w — my (w and wq being the light and atomic
transition angular frequencies, respectively). The
minimum mean-free path is given by £ = 1/(on)
where ¢ is the total scattering cross-section and
n the atomic density at the center of the cloud.
If we neglect the off-resonant transitions, the
cross-section writes

33 1
c=g— ———,
21 1+ (25/1)

where g = 3/7 is the degeneracy factor of the tran-
sition. Thus, the light mean-free path increases
quadratically with the detuning from resonance
and can be varied by orders of magnitude by sim-
ply tuning the light frequency by a few natural
widths. Accordingly, the optical thickness varies
as a Lorentzian with detuning:

bo) =
1+ (26/T)
where by is the optical thickness at resonance. The
maximum value obtained with the present setup is
about 40, which corresponds to a peak density
n=6x10" cm™ and a total number of atoms
in the cloud of almost 10'°. The mean-free path
at cloud center is then ¢ = 120 pm, which means
that we operate in the dilute regime
k¢~ 1000 > 1. Fig. 1 shows a schematic view of
the arrangement used to measure the various
quantities. In order to record the CBS cone, a laser
beam of uniform intensity and diameter 9 mm (i.e.
larger than the cloud) is employed. The angular
distribution of the backscattered light is recorded,
after selection of the polarization, on a CCD
placed in the focal plane of a lens. The CBS peak
is obtained after averaging the backscattered
intensity over many sample configurations (i.e.
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Fig. 1. Geometry for the detection of multiple scattering
signals. We measure the coherent transmission 7 (detector 1),
the diffuse transmission T4 (detector 2) and reflection Ry
(detector 3), and the coherent backscattering signal (CCD).

respective positions of the atoms in the cloud). To
measure the reflected and transmitted intensities,
we send a laser beam of diameter 2 mm through
the center of the cloud. The diffuse reflection Ry
and transmission Ty are both detected at an aver-
age angle of about 20° from the incident beam
direction. The solid angle of collection of the scat-
tered light is 0.02 srd for both measurements. All
measurements (including CBS) are performed with
the same probe intensity, resulting in a saturation
parameter at resonance sy = 0.05, and the same
probe duration of 200 ps. Thus, the maximum
number of photons scattered by one atom is
approximately 180. Since the probability for
hyperfine pumping at 6 =0 is of the order of
1073, this process should remain quite small in
the vicinity of the F' =3 — F' =4 transition.

Fig. 2 shows the coherent transmission curve re-
corded by varying the detuning around resonance.
For each detuning value, the transmitted intensity
(in the presence of cold atoms) is divided by the
incident intensity (no cold atoms) to yield the
coherent transmission 7. The large on-resonance
optical thickness is responsible for the flat trans-
mission in a wide frequency range around reso-
nance. The non-zero transmission in this range is
due to the finite linewidth of our probe laser (about
2 MHz): for a resonant excitation (6 = 0), the de-
tected intensity is the integral over the whole spec-
trum of the product of the laser spectrum by the
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Fig. 2. Coherent transmission 7.. We plot the measured
coherent transmission (circles) as a function of the detuning
from resonance, expressed in units of the natural width I". We
extract from the width of this curve the optical thickness on
resonance by = 35. The solid line is the theoretical transmission
assuming a Lorentzian spectrum of FWHM =2 MHz for the
laser.

monochromatic transmission, which can be very
crudely approximated by a rectangular notch filter
of spectral width Av. If the wings of the laser spec-
trum contain enough power outside of this range,
the on-resonance transmission will be much larger
than e~ [16]. For a Lorentzian spectrum, this is
true even if the laser linewidth is much smaller than
I'. Thus, we extract the on-resonance optical thick-
ness from the FWHM Av of the coherent transmis-
sion curve. Indeed, for high enough optical
thicknesses (such as 7.< 1) one has
Av~T x /(b/In2 —1). The width Av is then a
much more reliable parameter to estimate the opti-
cal thickness than the direct transmission at 6 =0
(at least for large optical thicknesses). We obtained
from the data in Fig. 2 a width Av = 7T, yielding
by = 35. The cloud shape is anisotropic with rms
radii r, =19 mm, r,=3.0 mm and r. =2.0 mm
(x and y are orthogonal to the incident wave vec-
tor). Note the small asymmetry of the measured
transmission in Fig. 2: the transmission is slightly
higher for negative than for positive detunings.
We believe this could originate either from hyper-
fine pumping to the F =2 ground state, which is
more likely on the red side and reduces the probed
optical thickness, or by mechanically pushing the
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atoms out of resonance. Fig. 3 shows both the dif-
fuse reflected (stars) and transmitted (squares)
intensities as a function of the light detuning. Their
respective maxima have been scaled to unity to ease
the comparison. The coherent transmission curve
of Fig. 2 is also reproduced here. One observes
for the diffuse reflection a broad, quasi-Lorentzian
curve of FWHM = 4.2T (see discussion below). On
the contrary, the diffuse transmission exhibits a
double-peaked behavior resulting from a minimum
transmission at 6=0 and maxima around
0 =1 2.4TI. One expects the total number of pho-
tons to be conserved (i.e. all the photons leaving
the probe should contribute to the diffuse inten-
sity), thus it is not surprising that a minimum dif-
fuse transmission corresponds to a maximum
diffuse reflection. However, to verify the conserva-
tion of the total number of photons would require
integrating the diffuse intensity over the whole 4n
solid angle. To understand qualitatively the curves
of Fig. 3, let us re-plot these data in Fig. 4 but this
time as a function of the optical thickness b(d) (po-
sitive detunings only). To simplify the discussion,
we consider a transversely infinite slab whose opti-
cal thickness is gradually increased. At small opti-
cal thickness b < 1, we are in the single scattering
regime. If the radiation pattern of the scatterers is

scaled intensities

Fig. 3. Normalized diffuse reflection Ry and transmission 7y as
a function of laser detuning. We measured the diffuse reflected
(stars) and transmitted (squares) intensities, as a function of the
detuning from resonance. The coherent transmission of Fig. 2 is
also plotted for comparison (circles). The solid lines are the
results of the MC simulations.
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Fig. 4. Normalized diffuse reflection and transmission, and
coherent transmission as a function of optical thickness. Same
data as in Fig. 3, this time plotted as a function of the optical
thickness b(5) (6 > 0 only). The solid lines are the MC results.

symmetric with respect to the transverse plane,
both diffuse transmission and reflection are equal
and small, since most of the light passes through
the sample without being scattered. Thus, when b
increases both quantities increase by the same
amount. The reflection increases in a monotonous
way up to unity: in the limit of a semi-infinite med-
ium all the light is reflected. On the other hand, the
diffuse transmission obviously admits a maximum
since it should decrease toward zero for large b.
Numerical calculations in the case of an homoge-
nous slab show that this maximum occurs for
b =2[19]. We see that the curves of Fig. 4 closely
match the behavior discussed above. Considering
for instance the diffuse transmission, one observes
a low value at large optical thickness b (i.e. for
0 = 0 in Fig. 3), which then increases as b decreases
(i.e. as |0 increases) and reaches a maximum
around b = 1.6. This critical value determines the
position of the maxima in Fig. 3, which occur at
o such as b(0) = 1.6. Note that for low optical thick-
ness by < 1.6 the double peak structure is replaced
by a bell-shaped curve which approaches a
Lorentzian of width I' in the single scattering limit
(bo < 1). Using the results of [19], one can approx-
imate the diffuse reflection by #b/(1 + nb), where 5
is a constant =0.4. Since b(J) is a Lorentzian, it is
straightforward to show that Ry(d) is also a
Lorentzian, of width /1 + nboI" (see Fig. 3). The
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discussion above shows that, for these multiple
scattering quantities, the only relevant parameter
is the optical thickness which is itself determined
by a combination of several parameters: total num-
ber of atoms and size of the cold cloud, and laser
detuning. The curves on Fig. 4 could also be ob-
tained e.g. at fixed detuning by varying the number
of atoms in the MOT.

Our sample geometry is more complex than a
uniform slab as will be further emphasized later.
In particular, it is the finite transverse extension
that motivates the use of a beam much smaller
than the cloud size (a larger beam would wash
out the ‘“double-bump” signature). To analyze
quantitatively these data, we use the MC simula-
tion described in [20]. The simulation includes all
experimental parameters such as cloud and detec-
tion geometry, laser spectrum and atomic residual
velocity [21]. There is no adjustable parameter.
However, by looking closely at Fig. 3 one can no-
tice a small shift (of about 0.2I') of the diffuse
transmission curve. The corresponding MC curve
was shifted by the same amount. The MC results
correspond to the solid curves in Figs. 3 and 4.
As can be seen, the overall agreement is quite sat-
isfactory. The quantities discussed so far present
no signature of interference effect in multiple scat-
tering, and can be analyzed using the radiative
transfer theory. We now turn to the most accessi-
ble signature of such interferential corrections: the
CBS effect. The CBS interference results in an
enhancement of the configuration-averaged re-
flected intensity in a narrow angular range of
width A0 around exact backscattering (see Fig.
5). This enhancement, defined as the ratio of the
peak value (0=0) to the background value
(0> A0), is equal to 2 for classical samples if the
proper polarization configuration is selected [4].
The results presented in this paper correspond to
CBS peaks recorded in the so-called orthogonal
helicity channel (circular incident polarization,
detection of opposite helicity), which yields the
highest enhancement for rubidium [22], as a func-
tion of the laser detuning. Before any analysis, the
raw CBS images are angularly averaged to im-
prove the signal-to-noise ratio. Fig. 5 shows an
example of such a CBS peak, obtained for 6 ~ I'.
The peak value (here =1.15) is much smaller than
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Fig. 5. Example of CBS peak: experimental result (circles) and
Monte Carlo simulation (line). This signal is recorded in the
orthogonal helicity channel, for 6 ~ I'.

2 because of the degeneracy in the ground state of
the Rb atom [22]. We now discuss the behavior of
the CBS cone angular width AO(5), which is plot-
ted in the inset in Fig. 6 (symbols: experiment, line:
MC). The measured CBS peaks are significantly
broader (=~20% on average) than the simulated
ones. This discrepancy could originate in the de-
tailed shape of the longitudinal density profile
around unit optical depth, which has a strong
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Fig. 6. Width of the CBS cone (symbols: experiment, line:
Monte Carlo simulation). We plot here the reduced width AOk¢
of the CBS peak as a function of the optical thickness. The solid
and open circles correspond, respectively, to blue (6 > 0) and
red (6 <0) detunings. Note the double logarithmic scale. The
inset shows the corresponding variation of the cone width A0 as
a function of §.
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influence on the CBS width [20]. A striking feature
of Fig. 6 is the overall small variation of the cone
width as the detuning is increased (less than a fac-
tor 2). Indeed, in a homogenous medium the cone
width is inversely proportional to the mean-free
path. In the present experiment, the mean-free
path varies by more than a factor 20! We have
shown in [20] that this surprising behavior origi-
nates from the non-uniform longitudinal density
profile of the sample. Qualitatively, the cone width
is determined by the local mean-free path at unit
optical depth which is roughly constant with detun-
ing (as long as the optical thickness remains >>1)
and of the order of the sample size. We also show
in Fig. 6 how the reduced CBS width Afk¢ varies
with the optical thickness. The solid and open
symbols correspond to positive and negative light
detunings, respectively. The distinctive linear
dependence in log-log scale is a signature of the
“bell-shaped” longitudinal density profile of our
sample (in a homogenous slab, A6k¢ would satu-
rate at ~0.7 for high optical thicknesses) [20].
Let us now turn to the analysis of the CBS
enhancement factor, whose variation is reported
in Fig. 7 as a function of the optical thickness (so-
lid and open circles correspond to ¢ > 0 and <0,
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CBS enhancement

1.114
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0 5 10 15 20 25 30 35
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Fig. 7. CBS enhancement factor as a function of optical
thickness. We report here the CBS enhancement factor o
(orthogonal helicity channel) as a function of the optical
thickness b of the cloud. The solid and open circles correspond
to a blue- and re-detuned laser, respectively. The line is the MC
result (see text).

respectively). The solid line is the result of the
MC simulation. The CBS peak heights measured
in this experiment are slightly lower than the theo-
retical prediction (by &~10%). This could be due to
e.g. a non-uniform distribution of the atoms in the
Zeeman ground states. The MC curves in Figs. 7
and 8 have been rescaled accordingly for a better
comparison with the experimental data. As
emphasized above, the internal degeneracy of an
atomic ground state with angular momentum
F>0 1is responsible for the small observed
enhancement factor in all polarization channels.
Its precise value is determined by the relative
amount of single scattering versus the multiple
scattering interference contrast and thus depends
on the optical thickness of the sample (whereas
for classical samples with perfect interference, the
enhancement factor is 2 in the parallel helicity
channel regardless of the optical thickness). The
interference contrast decreases exponentially with
the scattering order or path length, such that sam-
ples with large optical thickness show a small over-
all enhancement. On the other hand, for very small
optical thickness, single scattering dominates, and
the enhancement is also very small. Between these
two extremes, a maximum enhancement is found
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1.134

CBS enhancement
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or

Fig. 8. Asymmetry of the CBS enhancement. We plot this time
the CBS enhancement as a function of the laser detuning. The
general features (dip around ¢ =0, maximum around ¢ = 1)
arise from the atomic internal structure, as in Fig. 7. Note the
small asymmetry between the red- and blue-detuning domains
(see discussion in text). The solid line is a MC simulation.
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at an optical thickness with minimum single scat-
tering and maximum multiple scattering contrast.
In our case, this optimum is reached for b~ 6
[22] as can be seen in Fig. 7. For smaller detunings
(i.e. larger optical thicknesses), the enhancement
decreases because of an increasing relative weight
of high scattering orders N > 2 which contribute
little to the interference. For larger detunings (i.e.
smaller b’s) the enhancement decreases because
of the increasing amount of single scattering. We
now plot in Fig. 8 the variation of the enhance-
ment as a function of laser detuning. The “double
bumped” behavior is a manifestation of the inter-
nal structure as discussed previously, the maxima
around |d| = I' corresponding to the critical opti-
cal thickness of 6. Note the small blue-red asym-
metry of the measured enhancement factors.
Such an asymmetry has been predicted by
Kupriyanov et al. [14] as arising from the contribu-
tions of the other (far detuned) transitions accessi-
ble from the ground level F=3. This has two
consequences: first, the differential atomic cross-
section for elastic scattering now contains interfer-
ential corrections depending on the detuning
value; second, optical hyperfine pumping can oc-
cur which is accompanied by the emission of a
photon detuned by 3 GHz (inelastic scattering).
This photon sees a transparent medium and leaves
the cloud. We are currently working on the inclu-
sion of these effects in our theoretical treatment.
The sign and order of magnitude of the observed
effect seem compatible with what is theoretically
predicted in [14]. However, we also observed that
this small asymmetry is very sensitive to the spe-
cific experimental conditions, and in particular to
the compensation of the magnetic field at the cen-
ter of the MOT. A more careful study is thus nec-
essary to detect unambiguously the effect of the
far-off resonant transitions.

In conclusion, we have reported in this paper
an experimental study of multiple scattering of
light in a highly resonant cloud of cold rubidium
atoms. Our results are in good agreement with
existing theories of multiple scattering, with the
additional inclusion of the atomic internal struc-
ture. The only relevant parameter for most of
our data is the optical thickness of the sample.
In contrast with previous multiple scattering

experiments, the light mean-free path can here
be continuously adjusted without manipulation
of the sample. These results illustrate the new re-
gimes that can be reached using cold gases to
study mesoscopic physics.
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