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We study the diffusive propagation of multiply scattered light in an optically thick cloud of cold
rubidium atoms illuminated by a quasiresonant laser beam. In the vicinity of a sharp atomic resonance,
the energy transport velocity of the scattered light is almost 5 orders of magnitude smaller than the
vacuum speed of light, reducing strongly the diffusion constant. We verify the theoretical prediction of
a frequency-independent transport time around the resonance. We also observe the effect of the residual

velocity of the atoms at long times.
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When light propagates through a multiply scattering
medium, two components can be distinguished in the
light emerging from the sample: the “transmitted” com-
ponent, i.e., the light emerging in the incident mode, and
the “diffuse” component corresponding to photons redis-
tributed into other modes by the scattering processes. The
temporal propagations of these two components are very
different. The group velocity, whose behavior is deter-
mined by the index of refraction, describes the trans-
mitted (and absorbed) component. The possibility to
manipulate the refractive index allowed the spectacular
observation of slow light [1], or of apparent supraluminal
propagation [2] due to a negative group velocity. On the
other hand, the diffuse light does not propagate ballisti-
cally, but shows a diffusive behavior for optically thick
media. In this situation, it is the energy transport velocity
vg that accounts for the propagation of energy by the
scattered wave [3,4]. In the present paper, we use the
versatility of cold atomic vapors to study the temporal
propagation of the diffuse light in the interesting situation
of strongly resonant scattering, a previously unreachable
regime where vg is 5 orders of magnitude smaller than the
vacuum speed of light c¢. This is the first observation of
such a dramatic reduction of the energy transport veloc-
ity, and thus of the diffusion constant, in multiply scatter-
ing media. It is also a first and important step toward the
possible strong (Anderson) localization of light in an
atomic gas, a regime where interference effects further
reduce the diffusion constant until it vanishes at the
localization border [5]. Besides the mean-free path,
which characterizes the stationary properties of multiple
scattering, the diffusion constant is a crucial parameter
for its dynamical properties [6,7].

The propagation of quasiresonant light in atomic va-
pors has been investigated for a long time under the name
of radiation trapping (RT), in a regime where the atomic
motion (Doppler effect) or collisions induce frequency
redistribution, which completely blurs the effects linked
to the atomic resonance [8,9]. In most cases, the inhomo-
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geneous broadening dominated over the homogeneous
one, since vapors with very small velocity spread could
not be produced before the advent of laser cooling [10].
Following the pioneering work [11], we present the first
systematic study of RT in cold atoms. We measure the light
diffusion coefficient and transport velocity and analyze
the role of the number of atoms and of the light frequency.
We present some experimental evidence for the indepen-
dence of the transport time with frequency, a nontrivial
prediction of the theory for point scatterers. Finally, we
show that the residual motion of the atoms noticeably
affects the propagation of light in our sample.

The experimental setup and procedure are similar to
those employed to observe coherent backscattering [12].
The magneto-optical trap (MOT) producing the cold
atomic sample is turned off for 2 ms every 20 ms to allow
for RT probing. We obtain a cold cloud of quasi-Gaussian
shape (rms radius 7, = 2-3 mm) containing up to 7 X 10°
atoms, with a maximal optical thickness along a diameter
b = \2mry/€ =~ 40 where € is the minimum scattering
mean-free path of the light at the center of the atomic
cloud. The rms velocity of the atoms is 0.15 m/s. We use a
probe light resonant with the F = 3 — F’ = 4 transition
of the D2 line of Rb® (wavelength A = 780 nm, natural
lifetime 7,, = 1/T" = 27 ns). The optical thickness is
determined by measuring the spectral width of the trans-
mission curve [13]. Together with a measurement of the
density profile of the cloud by fluorescence imaging, this
gives access to the scattering mean-free path €. We can
adjust the effective number of atoms in the cloud by
turning off the MOT repumping laser shortly before the
trapping laser. The principle of the RT measurement is
shown in Fig. 1. Aweak probe beam pulse generated by an
acousto-optic modulator is sent through the center of the
cloud (beam diameter 2 mm, linewidth 2 MHz FWHM,
pulse width typically 4 us, 90%—-10% fall time 1.57,,).
The diffuse light is collected in a solid angle of about
0.1 srd at 17° from the forward direction and is detected
by a photomutiplier. The RT signal is averaged over 512
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FIG. 1. Radiation trapping (RT) experimental scheme. A
pulsed probe beam is sent through the center of a laser-cooled
atomic cloud. The transmitted diffuse light is collected as a
function of time in a solid angle close to the forward direction.

trap cycles. The signal-to-noise ratio allows a reliable
measurement of the diffuse intensity down to about 1%
of the initial, steady-state value.

Our analysis of the experimental data relies on the
theory of multiple elastic scattering by resonant point
scatterers [6,7] adapted to the case of cold atoms [14].
The propagation along a multiple scattering path can
be decomposed into elementary steps involving a scatter-
ing event and the propagation in the effective medium up
to the next scattering. The transport time 7, associated
with this elementary step is the sum of the Wigner time
delay 7y for the scattering process and the propagation
time with the group velocity. In our experimental con-
ditions, the Wigner time (of the order of 7,,) is much
longer than the free propagation time (€/c = 1 ps for
€ =300 um). The dynamics is thus “scattering domi-
nated,” in contrast to the usual media where it is “free
propagation dominated.”

The Wigner time delay, the group velocity, and the
mean-free path vary rapidly in the vicinity of the atomic
resonance. Even for a dilute gas (the case we consider
here), where the index of refraction n, of the medium is
close to unity, the group velocity v,—related to the
derivative dn,/dw—can be much smaller than c. The
propagation time depends on the distance between two
consecutive scattering events; its average value is ob-
tained when it is equal to the mean-free path. For strongly
resonant point scatterers, although 7, Vg, and € depend
on the detuning from resonance 6; = w; — w, the aver-
age transport time per scattering event

4
Ttr:TW+_zl/F:Tnat (1)
Vg

is predicted to be equal to the natural lifetime, indepen-
dently of the detuning from resonance [6]. Equivalently,
the transport velocity can be written vg(8y) = €/7, =
€(81)/ Tpa- For an on-resonance mean-free path €(0) =
300 wm, the transport velocity is 4 to 5 orders of magni-
tude smaller than c. For short scattering paths, the fluc-
tuations of the path length induce fluctuations in the
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transport time. For more than a few scattering events,
such fluctuations self-average, and the total transport
time is the product of the scattering order by 7.

The decay of the scattered light after the incoming
laser beam is switched off can be written as a sum of
decaying exponentials, each corresponding to an “eigen-
mode” of the RT, usually called a ‘“‘Holstein mode” [8].
At late times, it is dominated by the lowest mode: the
signal decays exponentially with a time constant 7. In
the elastic diffusion theory, 7 is a function of the dif-
fusion coefficient D = vgf/3 = €>/37, and of the thick-
ness L of the medium, scaling like L?/D. The detailed
expression depends on the geometry of the medium. For
large optical thickness b, one gets

3
To= 3 Tnatb?, )

where « 1s a numerical factor whose value is 1 for a slab, 4
for a sphere, and 5.35 for an inhomogeneous sphere with
Gaussian density [15]. The observation of 7 requires one
to measure the signal at late times, once the higher-order
modes have decayed.

In order to analyze the experimental results, we devel-
oped a Monte Carlo (MC) simulation of multiple scatter-
ing by the atomic cloud, described in [16]. In short, the
calculation follows the propagation of a photon in the
effective medium, with proper random choices of posi-
tions and directions of scattering events. We take into
account the inhomogeneous density of the sample, the
residual velocity of the atoms (Doppler effect), the recoil
frequency shift, as well as the finite linewidth of the
incoming laser. We compute the distribution of the scat-
tering orders in the diffuse transmitted light and affect to
the N scattering order the time delay N7,,. This proce-
dure yields the impulsional response of the system, which
is convolved by the excitation to get the temporal profile
of the transmitted intensity. This approach neglects in-
terference effects between different multiple scattering
paths responsible for the speckle pattern of the scattered
light and, e.g., coherent backscattering; this is legitimate
since we are in a dilute medium (k€ >> 1) and the speckle
is averaged out in a large solid angle.

Examples of raw decay curves for resonant light
(61, = 0) are shown in Fig. 2(a) for different numbers of
atoms in the cloud, i.e., for different optical thicknesses.
Each curve has been normalized to the steady-state value
(t <0). After a transient at short time, an exponential
decay is clearly visible. The dashed curves correspond
to the MC simulations without an adjustable parameter.
The values of 7 are obtained by fitting the signals to an
exponential decay between roughly 10% and 1% of the
steady-state value and displayed in Fig. 2(b) (circles). The
solid line is the analytic prediction, Eq. (2). The dashed
line is the result of the MC simulation. The different
behavior of these two curves at large optical thickness
is discussed below (Doppler effect included in the MC).
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FIG. 2. Decay of resonant light trapped in the atomic cloud.
We record the decay as we vary the number of atoms in the
cloud. (a) shows the data for three optical thicknesses (solid
lines): b =34 (1), 19 (2), and 2.4 (3), and the Monte Carlo
results (dashed lines). The measured decay constant 7 is
plotted in (b) as a function of the optical thickness b (circles).
It is compared to the prediction of Eq. (2) for a sample with
Gaussian density (solid line), and to the MC calculation
(dashed line).

We observe, for an optical thickness b = 34, a decay
constant 7y = 567,,,. From this value and the experimen-
tal measurement of the mean-free path, we deduce (using
an analysis based on the Holstein modes of a Gaussian
cloud) the values of the minimum diffusion coefficient
and transport velocity at the center of the atomic cloud:
D =~ 0.66 m?/s and vg = 3.1 X 10 7¢.

The physical picture employed so far relies on the
prediction that the transport time is frequency indepen-
dent [6]. To check this nonintuitive assertion, we mea-
sured the RT decay as a function of detuning. To minimize
the effect of frequency redistribution (see below), we
measured the “early” decay constant 7; at relatively short
time, i.e., before frequency redistribution takes place, but
after higher Holstein modes have decayed. Two distinct
experiments were performed. First, we used a sample
containing a fixed number of atoms N, whose optical
thickness varies as a Lorentzian with 6;. The measured
early decay constant (circles), plotted in Fig. 3(a), is
maximum at resonance and has a width of roughly I'.
From Eq. (2), one expects 7;(8;) * b*(8.)7,. A small but
significant difference with the expected b> behavior is
due to the nonmonochromatic excitation, as confirmed by
the MC simulation (solid line). In a second experiment,
we adjusted N, for each detuning value to maintain a
constant optical thickness (b = 10.7 = 1.0). This cancels
the trivial change of optical density with detuning. Since
b is now constant, 7; is directly proportional to the trans-
port time. As shown in Fig. 3(b), this quantity is nearly
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FIG. 3. Variation of transport time with frequency. We mea-
sure the “early” time (2 < t/7,, < 10) decay constant 7; (in all
these experiments, after an initial transient over = 27, due to
the higher Holstein modes, an exponential decay is observed
for at least 107, as in Fig. 2) as a function of the detuning &},
from resonance, in two separate experiments. (a) The number
N, of atoms in the cloud is fixed, with an optical thickness at
61, = 0 of 22.4. The circles correspond to the experimental data
and the solid line to the MC simulation. (b) For each value of
61, we adjust N, to maintain a fixed optical thickness b =
10.7 = 1.0. 7; is then nearly constant.

constant (20% rms fluctuations, mean value 7.37.,),
while, e.g., the scattering cross section varies by a fac-
tor of 5. This observation confirms the theoretical pre-
diction of a frequency-independent transport time for
resonant point scatterers, at least in the explored range.
Note that these observations do not rely on the validity of
the diffusion approximation, Eq. (2): indeed, the geomet-
rical properties and the mean-free path—and thus the
multiple scattering paths—are identical for all points in
Fig. 3(b). The observation of a constant decay time is thus
a direct proof of the constancy of 7.

The main physical ingredient which distinguishes our
MC approach from the elastic scattering theory of Eq. (2)
is the Doppler effect. It may appear surprising that the
velocity of the atoms plays a role in a laser cooled sample,
where the Doppler width is negligible compared to the
natural width (typical velocity spread v,,, such that
kv = I'/30). This is however a single scattering argu-
ment. In the course of multiple scattering, the frequency
of the scattered wave performs a random walk resulting
in frequency redistribution. For a large number N of
scattering events, the frequency spreading is such that
(Sw?) =~ (2/3)N(kv,ps)*. For an initially monochromatic
excitation, the width of the frequency distribution will
reach I" after V, = 250 scattering events. Thus, frequency
redistribution is expected to play a significant role for
optical thicknesses larger than b = /N, = 16 and cannot
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FIG. 4. Role of the temperature of the atomic sample. We
measure RT as a function of the residual velocity v, of the
atoms in the cloud, for detuned laser light §; = +1.5I". The
optical thickness is fixed, b = 2.2. (a) shows three experimen-
tal decay curves, clearly nonexponential because of the occur-
rence of some frequency redistribution, for v, = 0.15 (1),
0.42 (2), and 1.72 (3) m/s. We plot in (b) the amplitude of the
decay signal after a time ¢ = 87,,, as a function of .
Dashed lines are the MC results without adjustable parameters.

be neglected in our experiment. The effect of frequency
redistribution on the RT decay depends on the laser de-
tuning. For 6;, = 0, it results in a decrease of the effective
optical thickness yielding a reduction of 7. In other
words, on-resonance photons are trapped longer by colder
clouds. For a detuned excitation o; # 0, the consequence
is more subtle: at short times, when the frequency spread
is small compared to |y |, the light probes the atomic
cloud with the initial detuning and the early decay con-
stant 7; is determined by the optical thickness at oy (see
Fig. 3). However, given enough time, a fraction of the
scattered light eventually reaches resonance where it feels
the larger, on-resonance optical thickness. Thus, for de-
tunings small enough so that a subsequent redistribution
takes place before the photons leave the medium, the late-
time decay constant 7y is independent of the initial
detuning. We indeed observed this behavior in our experi-
ment, which especially manifests itself as a nonexponen-
tial decay of RT as visible in Fig. 4. To verify the validity
of our analysis, we recorded the RT decay as a function of
the temperature of the sample (varied by applying an
intense red-detuned molasses) for a detuned excitation.
Figure 4(a) shows three experimental decay curves at
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increasing temperatures. As expected, the decay is slower
for the higher temperatures. This is further illustrated in
Fig. 4(b) where we plot the measured value of the decay
curve at t = 87, as a function of v,,,. In both (a) and (b),
the dashed curves correspond to the MC results. The
quantitative agreement is very good, confirming the role
of temperature in the diffusion of light inside our sample.

In conclusion, we reported an experimental study of
diffusive light transport in an optically thick sample of
cold atoms. We measured a diffusion constant D =
0.66 m?/s, corresponding to a transport velocity vg =
3.1 X 1073¢. We confirm that the transport time is inde-
pendent of frequency around resonance. We show that,
even at temperatures in the 100 K range, the frequency
redistribution due to the residual Doppler effect influ-
ences the transport of light in optically thick samples.
These results emphasize the interest of cold atoms both to
reach new regimes, e.g., strongly resonant and monodis-
perse samples, and as a model system to check funda-
mental aspects of light scattering theory.
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