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Subradiance with Saturated Atoms: Population Enhancement of the Long-Lived States
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Dipole-dipole interactions are at the origin of long-lived collective atomic states, often called subradiant,
which are explored for their potential use in novel photonic devices or in quantum protocols. Here, we
study subradiance beyond the single-excitation regime and experimentally demonstrate a 200-fold increase
in the population of these modes, as the saturation parameter of the driving field is increased. We attribute
this enhancement to a mechanism similar to optical pumping through the well-coupled superradiant states.
The lifetimes are unaffected by the pump strength, as the system is ultimately driven toward the single-
excitation sector. Our study is a new step in the exploration of the many-body dynamics of large open

systems.
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Light is an excellent tool to encode and transmit
information, yet it comes up short in terms of storage. It
is then convenient to “write” the information into a material
memory, before “reading” it out at a later time. Atoms and
their artificial versions are natural candidates to fulfill that
purpose, where photons are converted into atomic excita-
tions. In this context, cold atoms benefit a substantial cross
section to couple to light, and provide access to a broad
range of lifetimes, with transition linewidths ranging from
mHz to MHz, making them useful tools for quantum
information processing [1] and quantum metrology [2],
for instance.

Considering interactions between the atoms opens yet
new possibilities to harness their potential. In particular, the
dipole-dipole interaction, which rises precisely in the pres-
ence of photons, leads to a variety of collective responses
[3.4], such as single-layer atomic mirrors [5], superradiance
[6-9], and subradiance [10—13]. The two latter effects, which
result from the dissipative coupling of multiple atoms to
common electromagnetic modes, correspond to atomic
modes of lifetimes orders of magnitude smaller or larger,
respectively, than the single-atom one. The use of external
fields has been proposed to transfer excitations between
modes and thus realize write and read operations [14,15].

These subradiant states are, by essence, difficult to drive,
due to their weak coupling to the external world. The
protocols designed to address them have been tailored for
the single-excitation regime [14—18], which represents a
drop in the sea of the long-lived states originally predicted
by Dicke [19].

In this work, we explore the many-excitation regime by
increasing the pump strength and we report on a large
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increase of the excitations cast in the long-lived modes.
This is interpreted as a process analogous to optical
pumping (OP) [see Fig. 1(a)]: addressing the multiexcita-
tion superradiant states, well coupled to the external drive,
allows one to efficiently populate the long-lived states
through decay processes. Using numerical simulations, the
study of the dynamics of the many-excitation states reveals
that the longest lifetimes are found in the modes with fewer
excitations, toward which the system quickly decays.
The atomic cloud is modeled as an ensemble of N
two-level emitters with positions r;, a transition frequency
w, = kc = 2rc/A between their ground and excited states
g and e (0, = [g)(e,| and o, = e,;)(g,| the lowering
and rising operators), and a transition linewidth I'. The
cloud is driven by a monochromatic field with Rabi
frequency Q(r), detuned from the transition by A. The
dipole-dipole interaction relies on the coupling of the
atomic dipoles through common radiation modes, which
results in sub- and superradiant collective modes (see
Ref. [20] and Refs. [21-25] for details on the model).
In large dilute clouds, the strength of the cooperativity
is captured by the on-resonance optical thickness
by = oy [ pa(0,0,z)dz rather than the density [6,7,11,
26,27] (with the cloud center and the pump waist at the
origin, K., = kZ, and o, the atom cross section).
Although our main focus is many-atom subradiance, let
us first discuss the case of a pair of close atoms (rj, < 1) as
a toy model, since it already captures the main features of
our scheme. We consider a pump whose propagation
axis is aligned with the two atoms [Q(r) = Qye’** and
r, —r; = r;pZ]. In the scalar light approximation, the
dipole-dipole interaction generates two collective single-

© 2021 American Physical Society


https://orcid.org/0000-0003-0440-8305
https://orcid.org/0000-0002-8931-2865
https://orcid.org/0000-0001-8574-5252
https://orcid.org/0000-0002-1428-3625
https://orcid.org/0000-0001-5194-3680
https://orcid.org/0000-0001-8194-8351
https://orcid.org/0000-0002-6026-509X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.126.103604&domain=pdf&date_stamp=2021-03-12
https://doi.org/10.1103/PhysRevLett.126.103604
https://doi.org/10.1103/PhysRevLett.126.103604
https://doi.org/10.1103/PhysRevLett.126.103604
https://doi.org/10.1103/PhysRevLett.126.103604

PHYSICAL REVIEW LETTERS 126, 103604 (2021)

(a mn, SRcascade
Strong —_—ee >
pump %VL‘W\’W‘A

TIRRTL AT S
v ‘% Long-Lived N%
. States —_—

%’1& Ao ey sy

— ooooooo

P T% ¢— Linear
n lgg...g > Optics
0
© 10" P
. 10 OP
e,
]08 LO_~
10® 104 10°

FIG. 1. (a) Dicke space for N > 1 two-level atoms, where the
downward arrows depict the decay processes. The processes in
green refer to the Dicke superradiant cascade through symmetric
states [19], and the red ones to the linear-optics (LO) processes
(i.e., the single-excitation regime). P, schematically shows the
population of the n-excitation states for a strong pump, illustrat-
ing the spread over various excitation numbers. (b) Energy levels
for N = 2 coupled atoms (see main text for details). (¢) Computed
population of the long-lived |—) state for N = 2 coupled atoms.
The red dash-dotted curve corresponds to P_ = s_/2 « s, while
the dashed blue one scales as s2 (labeled OP). Simulation realized
for N =2 atoms distant of kr = 0.05, aligned with the pump
axis, with a detuning A = —500T".

excitation eigenstates |£) = (|eg) = |ge))/+/2, in addition
to the ground |gg) and double-excited |ee) states [see
Fig. 1(b)]. These two collective states present decay rates
'y =T 4T, =TTl £sin(kry,)/(kry)] and energy shifts
A, = tcos(kryy)/2kry,. The increased (reduced) life-
times corresponding to I'"_ (I',) can be interpreted as
stemming from constructive (destructive) interference of
the emission from the atoms [28,29]. The energy shifts are
here neglected since we consider a pump with frequency far
D), to avoid
specific effects such as blockade [30,31] or antiblockade
[32] of excitations. Importantly, the pump couples mostly
to the superradiant |+) state, and very weakly to the long-
lived |-) one, and we introduce the effective Rabi
frequency for each mode: Q. = /2 cos(kry,/2)Q, and
Q_ = /2sin(kry,/2)Q, (up to a phase), which can be
identified by rewriting the driving Hamiltonian in terms of
the states |[+) and |—).

The steady-state population of the long-lived mode then
presents three typical regimes, depending on the pump
strength. First, for the lowest intensities (linear-optics
regime), the population of |ee) is negligible and the

single-excitation modes |+) are driven only directly from
the pump, so one obtains the following scaling for their
population: P, ~ s, /2 « s, with s, =202 /[[2 +4(A F
A,/2)?] the effective saturation parameter for each
mode, and s = 2Q3/(I'> + 4A?) the single-atom one [see
Fig. 1(c)]. This single-excitation regime holds for s, <« 1,
Le, Q, <A.

As the drive strength is increased, the doubly-excited
state |ee) is substantially populated thanks to the strong
coupling of the drive to the superradiant state: P, ~
5,/2 « s and P,, « s°. Then, the |—) states get an addi-
tional population by decay from |ee), at rate I'_, leading to
a long-lived population that grows quadratically with the
saturation parameter: P_ s> [see Fig. 1(c)].

Finally, for the largest values of the saturation parameter,
i.e., with a Rabi frequency such that the dynamics of each
atom is dominated by the drive (> A > T, |A,]), the
system is cast into a separable state described by the density
matrix p =®;_ (|9;)(g;| + le;){e;])/2. This mixed state
projects equally on the states |gg), |+), |—), and |ee),
resulting in P_ ~ 1/4. Hence, the strong pump overcomes
the weak coupling of subradiant modes which, in the linear-
optics regime, prevents one to populate them efficiently.
The present mechanism is analogous to optical pumping,
where an excited state (here |ee)) is directly driven by the
laser, and induces a population in the long-lived state (here
|-)) by incoherent decay.

Despite its extreme simplicity, let us now discuss how
the N =2 case captures the essential features of our
many-atom experiment, based on a cold atomic cloud of
N = 6 x 10° randomly distributed ¥’Rb atoms prepared in a
magneto-optical trap. A detailed description of the setup
and of the methods for observing subradiance can be found
in Refs. [11,33,34]. In this new series of experiment, an
extra care has been taken to control the possible detrimental
effects of the large intensity probe on the atomic cloud: we
reduced the pulse duration to 5 us and added a repumper
pulse between each probe pulse. Moreover, we used an
improved characterization of the sample, as described in
Refs. [20,34]. We varied the saturation parameter in the
range 3 x 107 5 s(A) S 2 by varying the intensity of the
probe beam [20].

To obtain the amplitude A_ and the lifetime z_ of
the long-lived radiation we fit the collected intensity by
an exponential [(f) =A_exp(—t/7_) in a range t€
[150;250]/T" (see Supplemental Material [20] for a few
decay curves). The normalized population P_ x A_z_/N
of these long-lived states, defined as the number of
excitations divided by the atom number, can be deduced
by assuming that the long-lived excitations are radiated
isotropically, and taking into account the collection effi-
ciency of the detection. The measured population is
presented in Fig. 2(a) for a fixed by, = 54. It undergoes
a 200-fold increase, from 3 x 1077 to 7 x 1075, as the
saturation parameter is increased from s ~ 3 x 1073 to 0.3.
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FIG. 2. (a) Normalized population P_ of long-lived states as a

function of the saturation parameter. Experimental data (symbols,
left axis) acquired for by, = 54 + 2, with error bars describing the
95% confidence bounds (statistical uncertainty only). Simula-
tions (lines, right axis) realized for by~5 and N = 100,
averaging over 40 realizations (error bars of order 1%, not shown
here). The blue (red) dotted line stands for a fit P s/, with
p =149 40.23 (1.007 £ 0.010). Inset: Ratio population over
saturation parameter P_/s, with a maximum normalized to unity.
(b) Dynamics of the radiated intensity after switching-off the
pump at t = 0, for N = 7 atoms, by = 5 (using 60 realizations),
A = -2T" and s = 50. Simulations realized using exact simu-
lations (plain curve), the pair-correlation approach (circles) and
the mean-field model (stars). The contribution from states with
n > 4 (squares) and n < 3 (triangles) are computed separately, for
the exact simulations.

This corresponds to a maximum number of =4 x 107
excitations in these long-lived modes. Note that these
numbers are only orders of magnitude since the detection
efficiency (solid angle, quantum efficiency of the detector,
various losses on the optical path) is not precisely cali-
brated. More importantly, we observe a superlinear scaling
of the population, P_ « s# with = 1.49 +0.23 in the
experimental data (using a 95% confidence interval), to be
compared to the linear scaling # = 1.007 £ 0.010 (from the
simulations). This is illustrated in the inset of Fig. 2, where
P_/s is plotted. This scaling has been observed for several
values of b, [20].

Furthermore, subradiant modes with different lifetimes
can be harnessed by considering different time windows of
the decay dynamics. We have checked that the population
of modes with lifetimes ~40-100I""" also exhibit a super-
linear growth as ~s'3, and a maximum value of ~10™
[20]. This suggests that although longer-lived modes are

expected to be much less populated in a linear-optics
scenario (because of the weaker coupling to the external
world), the much larger connectivity between the modes
introduced by the strong pump and the decay channels
enhances their population.

This superlinear growth of the long-lived population is a
clear indication of beyond-linear-optics pumping of these
modes and calls for a more specific study. Yet such a study
requires addressing its size-2V Hilbert space, which
unavoidably leads to drastic approximations. First, we note
that the lifetime of collective modes in these clouds has
been shown to scale with the cooperativity parameter b
[6,7,11,27], which scales as N/(kR)? (with R the cloud
radius). Spherical Gaussian clouds are used in all simu-
lations, as in the experiment. This allows one to compare
the collective effects in the experiment and in simulations
despite the very different atom numbers, by tuning the
cloud radius.

Second, simulating the dynamics of more than a dozen
saturated two-level atoms requires additional approxima-
tions in describing the system state. We here resort to a
truncated scheme based on the Bogoliubov-Born-Green-
Kirkwood-Yvon approach, where the density matrix is
recast as a sum of reduced density matrices of order
m = 1...,N, thus establishing a hierarchy of quantum
correlations [35]. The truncation of the hierarchy to two-
particle quantum correlations has proven to be an efficient
technique to simulate the dynamics of strongly driven
atomic clouds [36,37], and we refer to these references for
further details.

We have benchmarked the truncated method by
comparing the late-time, far-field radiated intensity
Iy & 2, e®En T (5467 to that from exact simulations
38,39]] [see example in Fig. 2(b)], obtaining accurate
results for atomic densities up to p,~ 0.03k> (for
random distributions with a minimal distance p;l/ 3 /2).
Interestingly, we observe that semiclassical simulations
(i.e., a truncation at the first order) fail to capture the long-
lived states, as they exhibit a single-atom decay dynamics
for a strong drive [see Fig. 2(b)]. This is in contrast with the
superradiant cascade, known to be described by a semi-
classical approach [19,40-43], and it strongly suggests that
the subradiant states here studied might be a source of
quantum correlations [44].

The normalized population obtained from simulations
with the truncated scheme are presented as continuous and
dashed lines in Fig. 2(a), and present a good agreement
with the experimental data. The absence of dependence on
the detuning validates the earlier hypothesis of negligible
frequency shifts. Although there is some discrepancy in the
values of the normalized population (which might be due to
the vastly different parameters for the atom number and size
of the sample), the scaling P_ o s'*° observed in the
experiment is well consistent with the one observed in both
truncated and exact simulations [20].
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Interestingly, it also shows that even with a saturation
parameter as low as s &~ 3 x 1073, the linear-optics regime
describing the single-excitation physics is not reached, in
the presence of cooperative effects. The simulations at
by = 5 present a nonlinearity threshold at s; o ~2 x 1073,
yet it was not possible to obtain a scaling of s from the
low-b, simulations. Nevertheless, we note that the N = 2
case discussed earlier suggests that longer-lived states
(achieved for smaller distances kr) couple less to the
pump, which in turn results in lower values of sig
[sio ~ 107 in Fig. 1(c)]. Furthermore, it was recently
suggested that such a threshold may scale as I'2°, with T,
the nth mode linewidth [45]: Assuming the subradiant
states present linewidths scaling as ', ~I'/b, [11], satu-
ration parameters orders of magnitude smaller may be
necessary to experimentally reach the linear-optics regime
for long-lived states.

Increasing the pump power opens the possibility of
exploring a much broader part of the 2"-dimensional
Hilbert space, and thus potentially access much longer
lifetimes—the N = 2 case only yields one superradiant and
one long-lived state. Nonetheless, as observed in Fig. 3(a),
the lifetime of the long-lived modes is only marginally
affected by the strength of the drive. While the simulations
of the truncated dynamics present an increase of ~15% in
lifetime as the saturation parameter is increased, the
experimental error bars do not permit us to identify this
increase.

To understand better the preservation of the long life-
times, studying all the collective modes of the system is not
relevant since the question is rather about which ones are
populated by the pump [46]. Thus, we monitor the decay
dynamics of the population of the n-excitation states,
P, = Tr(P,p), where we have introduced the projector

ISn = ZP ®;’L:1 |ej><ej| ®%:n+l |gm><gm|’ with P the
N!/n!(N — n)! permutations of a set with n excited atoms
and (N — n) in the ground state.

The evolution of the population of n-excitation states is
presented in Fig. 3(c), where we observe that, after a short
transient of order 1/, the lower the excitation number 7,
the slower the decay: Highly excited states decay quickly
into low-excitation ones, where the excitations remain for
long times, as compared to 1/I". A systematic analysis of
the dynamics, for atom numbers ranging from 4 to 9,
reveals that states from the upper part of the Dicke space
(n > N/2) decay at superradiant rates (even at late times),
whereas the lower part (n < N/2) is characterized by long
lifetimes (at late times), see Fig. 3(d). Consequently, the
short-time (superradiant) emission is realized by highly
excited states, whereas the late-time emission comes from
low-excitation ones. This is illustrated in Fig. 2(b), where
the contribution to the radiated intensity of low- and high-
excitation states were computed separately. Another con-
sequence is that an increased pump strength populates
subradiant states with shorter lifetimes, so the radiation
from low-excitation, longer-lived, states may dominate
later, see the Supplemental Material [20]. Finally, we have
checked that starting from a fully inverted system, as
originally studied by Dicke [19], the initial (superradiant)
dynamics differs from that of a cloud driven to steady state
with a strong pump, yet the same long lifetimes are
eventually observed (not shown here): The superradiant
cascade occurs, yet not without some decay toward longer-
lived modes, as illustrated in Fig. 1(a).

Hence, the n > 2 part of the Hilbert space, which
comprises everything beyond linear optics, does not appear
to offer access to longer lifetimes, nor does it provide a path
to escape long-lived modes. Remarkably, a study on one-
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FIG. 3. (a)—(b) Lifetime of the long-lived modes as a function of the saturation parameter, from (a) the experimental data and (b) the

simulations of the truncated dynamics [same parameters and same conventions for the error bars as in Fig. 2(a)]. (c) Dynamics of the
population P,, of the n-excitation states for a cloud of N = 9 atoms (p, = 0.3k3), initially driven to steady state by a strong resonant field
with Q) = 5T (the ground state one, Po = 1 —) ., is not shown here). (d) Decay rate y, of the populations P,, computed for
t € [5; 10]/T, as a function of the relative excitation number n/N, and for particle numbers from N = 4 to 9 (p, = 0.3k>, Q; = 5I'). The
horizontal line marks the y,, = 1 transition from subradiant to superradiant states, while the dotted black line, which scales as 3, is only

a guide for the eye.
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dimensional regular chains has reached the similar con-
clusion that the [longest-lived higher-excitation states
present a decay rate that scales as (n/N)? [24], in excellent
agreement with our simulations [see the dotted line in
Fig. 3(d)]. This suggests that this feature may be quite
universal, beyond the details of geometry and dimension-
ality of the system.

In conclusion, we have reported on the experimental
observation that long-lived subradiant states can have their
population enhanced by increasing the pump strength,
through a mechanism similar to optical pumping via
superradiant states. Surprisingly, the single-excitation
(linear-optics) subspace actually presents the longest life-
times. Note that despite multiple theoretical papers and
several experimental results, a comprehensive understand-
ing including an analytical description of subradiance is
still lacking, even in the weak driving limit, let alone for
strong driving.

In particular, the faster decay of higher-excitation states
leads to the puzzling question of the entanglement of these
long-lived states created through decay processes [44], as the
difference between a true single-excitation state [47,48] and
its linear-optics separable counterpart resides in the multi-
excitation component [49,50]. The failure of a semiclassical
approach to describe properly those decay processes is a
further argument to support the idea that the subradiant states
might be appropriate to store entanglement or quantum
correlations. Finally, the present scheme could, in principle,
be applied to cavity setups, where the light from subradiant
states could be collected more efficiently in the cavity
modes, for example, using external fields [15].
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I. COUPLED DIPOLE MODEL FOR N
TWO-LEVEL ATOMS IN FREE SPACE

The atomic cloud is modelled as an ensemble of N two-
level emitters with positions r; and rising/lowering op-
erators &;-r /6 between their ground and excited states
g and e; w, = ke = 2mwe/A is the transition frequency
and T its linewidth. The cloud is driven by a near-
resonance monochromatic field with Rabi frequency Q(r),
detuned from the transition by A. Within the Markov
and rotating-wave approximations, the coupled dynam-
ics of the evolution of the density matrix p describing
the atomic dipoles is obtained from the master equation
p = —i[H, p] + L(p), where the coherent Hamiltonian H
and dissipative dynamics £ are given, in the pump frame,
by [1-3]:

=AY e+ Z

—i—f Z A6, (1a)

m,n#m

o1 O bAoA e
—EZI‘nm (26,,p6; — 6, 6,.p— po;t6,,). (1b)

(rm )0 —|—hc]

The diagonal term corresponds to the single-atom dy-
namics, I, = ' = 1 and A,,,, = 0, while the coupling
terms are given by A,,, = —I cos(krmy)/(krms) and
T = Usin(krpn)/ (krmn), with rp, = |y, — vy, This
model corresponds to a ‘scalar light” approximation: al-
though polarization can play an important role in sub-
wavelength clouds [4, 5], the experimental situation is
that of a dilute cloud (atomic density p, ~ 0.06A~3),
where a scalar description of the light is a good approxi-
mation [6].

II. CALIBRATION OF THE SATURATION
PARAMETER

In this experiment, it is important to have a proper
calibration of the saturation parameter, defined as

s(8) = gm, (2)

where g = 7/15 is the degeneracy factor of the |F = 2) —
|F" = 3) Dy transition of 87Rb for a statistical mixture

of equally populated Zeeman sublevels and sg = I/t
is the on-resonance saturation parameter, with I,z =
1.6mW /cm? the saturation intensity. A first evalua-
tion of the saturation parameter at the center of the
beam can be obtained from the measurement of the beam
power and its waist (1/e? radius w = 5.3 mm), but this
is usually not precise because of a number of effects:
losses along the beam path, beam not perfectly Gaus-
sian, atomic cloud not perfectly at the center of the beam,
etc. A calibration method based on the interaction with
the atoms is thus preferable. Hereafter we use the label
s'(A) for the saturation parameter that is determined by
measuring the power and waist of the probe beam, while
for the properly calibrated saturation parameter we use
s(A). Note that the probe power is measured simultane-
ously to the data acquisition by a dedicated detector.

The first calibration method is based on the mea-
surement of the fluorescence level. The atomic cloud
(bp = 37 £ 1) was illuminated by the probe beam with
A = —4T" and the fluorescence signal was recorded as a
function of s’(A) [Fig.S1(a)]. Since the total scattering
rate is < s/(s + 1), we fitted the measured fluorescence
level by f = Bs'/(Cs’ 4+ 1) and we obtained a correction
factor for the saturation parameter C' = 0.36 £ 0.04.

The other two calibration methods rely on hyperfine
depumping into the |F = 1) ground state. Although the
transition of interest in this experiment is |F'=2) —
|F" = 3), when the probe beam is largely detuned to the
red from that transition, there is a significant probabil-
ity of exciting the |F" = 2) state, from which atoms can
decay into the dark |F' = 1) state. The corresponding
depumping rate is given by

r

Idepump = Py with s92 = g22

S9 S0

+ Sp9 417 1+ 4(Agy/T)2’
where pa; = 1/2 is the decay probability of |F’ = 2) to-
wards |F = 1), sg2 is the saturation parameter for the
|F=2) — |F’ =2) transition, with goo = 1/6 the cor-
responding degeneracy factor, and Asy = 44" + A the
corresponding detuning. By measuring the number of
atoms in the |F'=2) as a function of time, N(t) =
Noexp(—Tgepumpt), We can extract the depumping rate
and then the saturation parameter.

At sufficiently large detuning, the fluorescence level is
proportional to the number of atoms, so the depump-
ing rate can be obtained by measuring the fluorescence
level as a function of the laser duration. In fact, since
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Fig. S1. Different calibration methods of the saturation pa-
rameter. Black dots represent experimental data, while blue
solid lines are fit curves. a) Measured fluorescence level as
a function of the roughly-determined saturation parameter
s'(A), together with the fit function f = Bs'/(Cs’ +1). Ex-
perimental data was obtained with by = 37 £ 1, A = —4T
and a pulse duration of 5 us. b) Measured fluorescence level
as a function of the total interaction time with the probe
beam, fitted by an exponential decay corresponding to the
depumping rate Tqepump = (1.51 £ 0.07) x 107*T". The mea-
surement was done with A = —10I" and a pulse duration of
10 us. ¢) Ratio between measured by without and with re-
pumping as a function of the total interaction time with the
probe beam. The exponential fit to the experimental data
gave Taepump = (8.37 & 0.03) x 107°T". The data were ob-
tained with A = —8T" and a pulse duration of 10 us.

we illuminated the atomic cloud by series of 12 pulses of
duration 10 us each, we added up the duration of sub-
sequent pulses. By fitting an exponential decay to the
measured fluorescence level [Fig. S1(b)], we obtained the
depumping rate, from which we determined the satura-
tion parameter. This method yielded the correction fac-
tor C'=0.32 +0.01.

Another way of obtaining the depumping rate is by
measuring the optical thickness as a function of the laser
duration with and without a repumping stage just be-
fore absorption imaging. Then, by fitting the ratio by an
exponential decay [Fig. S1(c)], we extracted the depump-
ing rate and with that we obtained the correction factor
C =0.34 £0.01.

The three methods are in very good agreement and
have similar uncertainties. Therefore, we use the average

of the three methods: C = 0.34 £+ 0.02.

III. MEASUREMENT OF OPTICAL
THICKNESS AND TEMPERATURE

In this experiment we probe the atomic sample with a
varying saturation parameter, up to relatively large val-
ues. The interaction with the light can thus have signif-
icant effects on the atomic cloud, in particular heating
and pushing. It is therefore important to characterize
the atomic sample taking into account those effects.

To this end, the optical depth of the cloud and its
temperature are measured simultaneously to the data ac-
quisition using interlaced cycles of subradiance measure-
ments and absorption imaging as described in [7]. The
same probe beam is used for both but absorption imag-
ing is always performed at low saturation parameter and
large detuning A = —4I".

More precisely, absorption imaging was performed in-
stead of the fluorescence measurement once every 250
cycles. Since during the data acquisition we are probing
the atomic cloud with series of 12 laser pulses, to mea-
sure the optical thickness of the cloud corresponding to
the nth pulse, we apply (n — 1) probe pulses before ab-
sorption imaging at the time corresponding to the nth
pulse. This protocol enables us to have a good calibra-
tion of by while probing our sample with laser pulses of
different intensities.

The absorption imaging was also done for different
times of flight, without and with a few applied probe
pulses before, in order to measure the initial tempera-
ture of the cloud, as well as the heating induced by the
pulses.

From those measurements we were able to extrapo-
late the temperature of the cloud after each of the 12
applied pulses. While the minimal temperature of the
cloud that we measured is 7" ~ 100 ¢K, the maximum
temperature, considering the heating, is T' =~ 700 uK. As
shown in [7], in this range of temperature, subradiance is
not significantly affected: only a very slight decrease of
the subradiant lifetime can be expected for the maximum
considered temperature.

Another effect that could be relevant is the radiation-
pressure force exerted by the probe beam on the cloud,
inducing a velocity along the beam direction and corre-
spondingly a Doppler shift, which changes the detuning
seen by the atoms and thus the effective saturation pa-
rameter. This pushing effect can easily be computed and
we have checked that, even for the highest saturation pa-
rameter, it only induces a very small reduction of the
saturation parameter, which does not affect our results.
This is confirmed by the fact that different values of by,
corresponding to different times of flight and thus differ-
ent numbers of applied pulses, yield similar results (see
Fig.54).

Finally, the expansion of the cloud during the pulse
series is also responsible for a slight decrease of the ef-



fective intensity interacting with the cloud (due to the
finite beam waist), of at most ~ 20%. It does not affect
significantly any of the presented results.

IV. SUBRADIANT DECAY CURVES
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Fig. S 2. Temporal dynamics of the scattered intensity at
the switch-off of the driving field, for different saturation pa-
rameters s as well as for A = —2T" (solid line) and A = —4T
(dashed line). The intensity curves are normalized by s. The
amplitude of the slow decay increases with s and it is similar
for both detunings.

In Fig. S2 we show typical experimental subradiant de-
cay curves. This figure illustrates well the influence of
the saturation parameter and detuning on the population
of long-lived modes. Here, the scattered light intensity
is normalized by the saturation parameter, and we only
show values for s < 1. We observe that the amplitude of
the slow decay, even after this normalization, increases
with the saturation parameter, which illustrates well the
superlinear behavior of the long-lived mode populations.

V. SUBRADIANT POPULATION USING
EXACT SIMULATIONS

Simulations of the full Hilbert space are limited to
small atom number. We here choose N = 7, with a
cloud density p, = 0.03k3, to study the decay dynamics,
performing an average of the intensity curves over 150
realizations. Following the same procedure as for other
simulations to extract the population (i.e., through an
exponential fit), we study its dependence on the satura-
tion parameter. The scaling of the population P_ with
the saturation parameter s is in good agreement with the
one for the truncated simulations and the experimental:
P_ o §106£0.03 £ the low-s regime and P_ oc s!-59%0:12
for the intermediate-s regime, see Fig.S3.
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Fig. S 3. Population of the subradiant modes using exact
simulations, with N = 7 atoms distributed randomly in a
cloud of density p, = 0.03k®, and with a pump detuned by
A = —2I". The labels LO and OP stand, respectively, for the
linear optics and optical pumping regime.

VI. SUPERLINEAR GROWTH WITH s(A) FOR
SEVERAL b

In the main text the superlinear growth of the long-
lived mode population as a function of the saturation
parameter has been shown for an atomic sample of res-
onant optical thickness by = 54 + 2 and two different
detunings [Fig. 2(a)]. Here we demonstrate that this ob-
servation is robust by showing data acquired for different
values of by. In Fig. S4 we show the normalized popula-
tion P_ (see main text) as a function of s for by = 8144,
bo = 10544 and by = 163+5. The obtained exponents of
the power-law fit for s < 0.04 are 5 ~ 1.47, § ~ 1.46 and
B ~ 1.49, respectively, demonstrating that the power-law
scaling 8 ~ 1.5 is independent of by.
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Fig. S4. Normalized population P_ of long-lived modes as a
function of the saturation parameter s for three different bg, as
well as A = —2T (filled circles) and A = —4T" (empty circles).
The results were obtained using the fit window I't € [150, 250].



VII. POPULATION OF MODES OF

DIFFERENT LIFETIMES

Here we have investigated the behaviour of the sub-
radiant modes with different lifetimes by monitoring the
emission decay over different time windows: Later time
analyses allow us to study longer-lived modes as they
take longer to deplete. Over all the selected time win-
dows, the super-linear scaling of the subradiant popu-
lation P_ with the saturation parameter s is observed,
see Fig.S5(a). The study of the associated lifetimes
in Fig.S5(b) confirms that later-time dynamics is dom-
inated by more subradiant modes. Omne can also ob-
serve that only the lifetimes extracted from the most-
delayed fit window are independent of s because they cor-
respond to single-excitation collective states. Indeed, in-
creasing the pump strength leads to exploring subradiant
states with shorter lifetimes, so the radiation from low-
excitation subradiant states, with the largest lifetimes,
may dominate only at later times.

Interestingly, in the regime where the populations grow
super-linearly, they all have the same values (the curves
of Fig.S5(a) collapse together). This suggests that the
same population can be reached independently of the
considered lifetimes. A first hint to understand the un-
derlying mechanism can be found again in the case of
N = 2 atoms: There, both the transitions |ee) — |—)
and |—) — |gg) present a decay rate I'_. In a simple
rate-equation approach, the population stored by opti-
cal pumping is expected to depend on the ratio between
these rates, therefore the explicit dependence on I'_ dis-
appears.

From a numerical perspective, the low-by clouds that
can be simulated do not allow us to explore the behavior
of modes with different lifetimes. As an alternative, we
consider a system of N = 5 atoms in a small volume,
organized as a regular chain for simplicity. Thus, the
single-excitation collective modes are composed of one
superradiant mode and four subradiant ones. Monitoring
the steady-state population of these modes as a function
of the saturation parameter reveals that, despite they
exhibit very different levels in the “linear-optics regime”
(P-  s), the three most subradiant modes acquire the
same populations in the regime where the modes are op-
tically pumped [Fig.5(c)]. Different chain lengths pre-
sented some fluctuations, but generally the populations
have a strong tendency to reach the same values in that
regime, suggesting that optical pumping induces an even
population of the long-lived modes independently of their
lifetimes.

The fact that the subradiant populations saturate, for
large values of s, at different values in the experiment
[Fig. S5(a)], is not observed in our small-system simula-
tions [Fig.S5(c)]. It may thus be related to the large
experimental cloud possessing a huge spectrum of sub-
radiant modes, with a strong degeneracy of the energies
(that is, a strong overlap between various modes), differ-
ent from the latter test-system. Unfortunately, the sim-
ulations with the truncated system, limited to by ~ 5, do
not allow us to investigate the different lifetimes using
larger systems (N = 100). One can only conclude that
the huge Hilbert space at stake still holds many surprises.
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Fig. S5. (a) Subradiant population P_ (b) and associated lifetimes I't_ as a function of the saturation parameter, obtained

from the fit over different time windows. The optical depth is by =~ 80. Filled and empty symbols are for A = —2I" and
A = —4T", respectively. (¢) Population of the single-excitation collective modes for a linear regular chain of length kL = 1, with
a pump in the direction of the chain and a detuning A = —200I". The vertical black dotted line marks the saturation value

around which the population of the most subradiant modes departs from the linear-optics behaviour.
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