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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-
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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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