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Since Dicke’s seminal paper on coherence in spontaneous radiation by atomic ensembles, superradiance
has been extensively studied. Subradiance, on the contrary, has remained elusive, mainly because
subradiant states are weakly coupled to the environment and are very sensitive to nonradiative decoherence
processes. Here, we report the experimental observation of subradiance in an extended and dilute cold-atom
sample containing a large number of particles. We use a far detuned laser to avoid multiple scattering and
observe the temporal decay after a sudden switch-off of the laser beam. After the fast decay of most of the
fluorescence, we detect a very slow decay, with time constants as long as 100 times the natural lifetime of
the excited state of individual atoms. This subradiant time constant scales linearly with the cooperativity
parameter, corresponding to the on-resonance optical depth of the sample, and is independent of the laser
detuning, as expected from a coupled-dipole model.
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Despite its many applications, ranging from astrophysics
[1] to mesoscopic physics [2,3] and quantum information
technology [4], light interacting with a large ensemble of N
scatterers still bears many surprising features and is at the
focus of intense research. For N = 2 atoms placed close
together, the in-phase oscillation of the induced dipoles
produces a large, superradiant dipole, whereas the out-of-
phase oscillation corresponds to a subradiant quadrupole.
Generalizing for N > 2, Dicke has shown that, for samples
of a small size compared to the wavelength of the atomic
transition, the symmetric superposition of atomic states
induces superradiant emission, scaling with the number of
particles N, whereas the antisymmetric superpositions are
decoupled from the environment, with vanishing emission
rates, which corresponds to subradiance [5].

Dicke superradiance has been extensively studied in the
1970s [6-8] but the observation of its counterpart, sub-
radiance, has been restricted to indirect evidence of modified
decay rates in one particular direction [9] or in systems of
two particles at very short distance [10—12]. One challenge
for the observation of subradiance by a large number of
particles is the fragile nature of these states, which require
protection from any local nonradiative decay mechanism
[13]. Furthermore, contrary to the two-atom case, for which
the distance between atoms has to be small compared to the
wavelength, for N > 2, the retarded, long-range resonant
dipole-dipole interaction [14] gives rise to super- and
subradiant effects (“‘cooperative scattering”) also in dilute
samples, with interatomic distances much larger than the
wavelength, and corresponding large system sizes. Since,
for N > 2, the Hamiltonians for short and long-range
interactions do not commute, the collective eigenstates
due to the long-range interactions are suppressed by
short-range interactions [8]. These short-range or near-field
effects (or “van der Waals dephasing”) thus need to be
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avoided in this case. As a consequence—and maybe
counterintuitively—a large and dilute sample of interacting
dipoles is the most appropriate system for the observation
of N-body subradiance.

In this regime, and in the weak excitation limit
(“single-photon superradiance”) [15-17], it has been
shown that the superradiant enhancement of the emission
rate scales as the cooperativity parameter N/M, where M
is the number of available modes for the electromagnetic
radiation [18-21]. For a spherical sample of radius R,
M ~ (kyR)?, where ky = 2x/], this cooperativity param-
eter is proportional to the peak on-resonant optical depth
of the atomic cloud, given by b, = 3N/(kyR)? for a cold-
atom cloud with a Gaussian density distribution of rms
radius R. This number can be large even at low density.
In a recent work [22], we used a coupled-dipole model
to generalize this result to subradiance (see also the
Supplemental Material [23]). In this Letter, we report the
experimental observation of subradiance in this weak-
excitation, dilute- and extended-sample limit.

In our experiment, we load N ~ 10° 3’Rb atoms from a
background vapor into a magneto-optical trap (MOT) for
50 ms. A compressed MOT (30 ms) period allows for
an increased and smooth spatial density with a Gaussian
distribution of rms size R~ 1 mm (typical density
p~ 10" cm™3) and a reduced temperature T = 50 uK.
We then switch off the MOT trapping beams and magnetic
field gradient and allow for 3 ms of free expansion, used to
optically pump all atoms into the upper hyperfine ground
state F' = 2. Next, we apply a series of 12 pulses of a weak
probe beam (waist w = 5.7 mm), linearly polarized and
detuned by § = (@ — wy)/T" from the closed atomic tran-
sition F =2 — F’ = 3. Here, w is the frequency of the
laser, w, the frequency of the atomic transition (of wave-
length A = 27¢/wy = 780.24 nm), and I'/2z = 6.07 MHz
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FIG. 1. Principle of the experiment. A large probe laser
illuminates the atomic sample for 30 us and is switched off
rapidly. The fluorescence at ~35° is collected by a hybrid
photomultiplier (HPM) and recorded on a multichannel scaler
(MCS). The experiment is repeated 500 000 times. At each cycle,
12 pulses are recorded during the free expansion of the cloud,
allowing the on-resonance optical depth to vary.

its linewidth. Note that when we varied the detuning, we
also varied the laser intensity accordingly in order to keep
the saturation parameter constant at s = 4.5 x 1072, The
pulses of duration 30 us and separated by 1 ms are obtained
by using two acousto-optical modulators in series to reach
an extinction ratio better than 10=*. The 90%—10% fall time
at the switch-off is ~15 ns, limiting the possibility of
studying superradiance, but convenient for detecting sub-
radiance. Between subsequent pulses of each series, the
size of the cloud increases because of thermal expansion,
and the atom number decreases due to off-resonant optical
pumping into the F' = 1 hyperfine state during each pulse.
The corresponding change of the on-resonant optical depth
by allows us to conveniently measure the decay of the
fluorescence as a function of b, and investigate whether b,
is the relevant scaling parameter [23]. After this stage of
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expansion and measurement, the MOT is switched on again
and most of the atoms are recaptured. The complete cycle
is thus short enough to allow the signal integration over
a large number of cycles, typically ~500000 (complete
acquisition time ~14 h per run). The scattering of the
probe beam is collected by a lens with a solid angle of
~5 % 1072 sr at 6 ~ 35° from the incident direction of the
laser beam (see Fig. 1). We use a hybrid photomultiplier
(Hamamatsu HPM R10467U-50) in the photon-counting
regime, without any measurable amount of afterpulsing,
which would considerably mask signatures of subradiance.
The signal is then recorded on a multichannel scaler
(MCS6A by FAST ComTec) with a time bin of 1.6 ns,
averaging over the cycles. The cooperativity parameter b
corresponding to each pulse is calibrated by an independent
measurement of the atom number, cloud size, and temper-
ature using absorption imaging [23].

Typical data are shown in Fig. 2. The signal is normalized
to the steady-state fluorescence level and we focus on
the switch-off period to highlight the slow fluorescence
decay. In Fig. 2(a), the detuning & of the probe beam is
kept constant and the different decay curves correspond
to different values of by, obtained in a single run. On the
contrary, Fig. 2(b) shows data taken with different detunings
but for the same b. In both cases, most of the fluorescence
decays fast (note the logarithmic scale of the vertical axis),
but a slow decay is clearly seen well above the noise floor
(slightly below 107*). We stress that fluorescence can
be detected at very large delays, as can be seen from the
time axis, in units of 7,, = I'"! = 26 ns. We attribute this
slow decay to subradiance in the single-photon (or weak
excitation) regime, as predicted in Ref. [22].

A qualitative analysis of the two figures clearly
shows different behaviors. As b, is varied, the slow
decay rate changes, whereas its relative amplitude stays
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Slow decay of the fluorescence after switching off the probe laser. The vertical scale is normalized by the steady-state detected

power P(0), and the time scale is normalized by the atomic lifetime of the excited state z,,. Without any collective effect (single-atom
physics), the decay would be given by P(r) = P(0) exp(—t/z,) (the black dotted line). (a) Several data are shown for different on-
resonance optical depths b, and the same detuning § = —6 (in units of I'). The time constant increases with b,. (b) Several data are
shown for different detunings and the same by = 108 £ 5. The time constant remains unchanged, but the relative amplitude of the

subradiant decay decreases as the detuning increases.
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approximately the same. The exact opposite happens
when we change the detuning, keeping b, fixed. For a
quantitative analysis, we fit the slow tail at long delays by
an exponential decay with two free parameters: the time
constant 7y, and its relative amplitude Ay, [23]. We
systematically studied how these parameters depend on b
and 6. The result of this analysis is presented in Fig. 3. In
Fig. 3(a) we plot the subradiant time constant as a function
of b for different detunings. The collapse of all points on
the same curve clearly indicates that the slow decay rate
does not depend on the detuning [see also Fig. 3(b)]. This
demonstrates that this slow decay is not a multiple-
scattering effect, such as previously observed radiation
trapping [36], which depends on the optical depth at the
laser frequency b(5) o by/(1 + 48%), with a strong
dependance with 6. The second feature in Fig. 3(a) is
the linear increase of z,, with b, up to time constants as
long as 7, ~ 1007,. This is perfectly consistent with the
predictions of the coupled-dipole model for subradiance
[23]. We note that for large negative detunings, one has to
take into account the variation of b, during the pulse series
induced by the cloud expansion together with a significant
contribution of atom losses by off-resonant hyperfine
pumping. This allowed us to test different combinations
of N and R as scaling parameters (see Fig. 2 of the
Supplemental Material [23]). The comparison showed that
the best collapse has been obtained with N/R? « b, as the
scaling parameter, which demonstrates that b, is indeed
the relevant cooperativity parameter in the regime of a

dilute and extended sample, as expected from the ratio of
the number of atoms to the number of available electro-
magnetic modes radiating from the sample. Finally, we
show in Fig. 3(c) the relative amplitude A, of the slow
decay. As was already seen in Fig. 2(b), this amplitude
is much larger near resonance, and it seems to reach a
plateau for large detunings. We have checked that sub-
radiant decay is still visible at a larger detuning, up to
0 =—11 [23]. This is in line with the coupled-dipole
model, in which the weight of the long-lived modes are
enhanced near resonance and the weight of all of the
collective modes becomes independent of the detuning at
large detuning.

As a long lifetime can also occur due to multiple
scattering, when the optical depth b(6) > 1 [36], we
investigated the decay time close to the atomic resonance
to study how subradiance compares with radiation trapping.
In the range of the accessible experimental values
[Fig. 3(b)], no marked difference of the decay times around
resonance is visible, even though a small difference was
predicted in Ref. [22]. The interplay of radiation trapping
and subradiance near resonance is still an open question
and will be the subject of our further experiments.

We have also studied the effect of the probe intensity and
checked that, at low saturation parameter, the observed
subradiance is independent of the intensity (see Fig. 3 of
the Supplemental Material [23]), which validates the use
of the coupled-dipole model in the weak-excitation
limit. We finally also excluded the possibility that residual
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FIG. 3. Dependence of the subradiance time with the on-resonance optical depth b, and the laser detuning §. (a) Subradiant time

constant 7, (in units of 7, as a function of b, = 3N/ (koR)? for different detunings of the probe laser. Almost all of the points collapse
on a single curve, showing the linear scaling with b,. The dashed line is a linear fit 7 /7, = | + ab,, with the slope a as a free
parameter. Excluding the data with b, > 120, we obtain a = 0.8. (b) From the same data, 7y, is plotted as a function of the detuning for
three different values of b, illustrating that 7z, is independent of the detuning. (c) Similarly, the subradiant relative amplitude A, is
plotted as a function of the detuning for the same three different values of b,. Subradiance is more important near resonance and

decreases towards a plateau at large detuning.
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near-resonant light might always be present and induce
a slow decay due to radiation trapping, thus mimicking
off-resonant subradiance [23].

To summarize, we have presented the first direct sig-
natures of subradiance in a large system of resonant
scatterers. We have shown that in the regime of dilute
and extended samples, the subradiant decay rate is governed
by a cooperativity parameter defined as the ratio of the
number of scatterers and the sample size squared, which
conveniently corresponds to the on-resonance optical depth.
This observation of subradiance opens interesting ques-
tions, including the robustness of subradiance against
decoherence mechanisms or the possibility of controlling
the population of the subradiant modes by an appropriate
temporal or spatial shaping of the driving laser or of the
atomic levels. If the subradiant states can be manipulated
with sufficient control [37], their isolation from the envi-
ronment might be exploited as a resource for quantum
information or quantum metrology [38]. As subradiance
goes hand in hand with superradiance, simultaneous record-
ing of fast and slow decays would be a beautiful illustration
of the cooperative scattering envisioned by Dicke. By using
a stronger laser drive, it would also be possible to access a
larger subspace of the full Hilbert space, addressing the
possibility of a photon-blockade effect [39].

In addition to quantum optics, our observation is also
relevant to mesoscopic physics [40,41], a community less
familiar with Dicke physics. One major challenge in this
field is the observation of strong localization of light, the
analogy for classical waves of Anderson localization of
electrons [42]. Previous experimental observations of a
decay of scattered light slower than predicted by the
diffusion equation have been used as a signature of
Anderson localization in dielectrics [43,44]. Our results
show that it cannot always be the case with cold atoms.
Similarly, recent numerical simulations considering point-
dipole resonant scatterers study the collective modes of the
effective Hamiltonian of the system and, in particular, their
lifetimes [45-49]. Our work shows that Dicke subradiance
can also be at the origin of very long lifetimes and that a
careful analysis is required to distinguish subradiant from
localized modes [49]. Finally, the combination of subra-
diance with disorder acting on the atomic transitions might
provide an alternative route to strong localization of light,
as was recently suggested [50].
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