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From superradiance to subradiance: exploring the many-body Dicke ladder

A. Glicenstein,!"* G. Ferioli,! A. Browaeys,' and I. Ferrier-Barbut!

YUniversité Paris-Saclay, Institut d’Optique Graduate School,
CNRS, Laboratoire Charles Fabry, 91127, Palaiseau, France

We report a time-resolved study of collective emission in dense ensembles of two-level atoms. We compare,
on the same sample, the build-up of superradiance and subradiance from the ensemble when driven by a strong
laser. This allows us to measure the dynamics of the population of superradiant and subradiant states as a
function of time. In particular we demonstrate the build up in time of subradiant states through the superradiant
dynamics. This illustrates the dynamics of the many-body density matrix of superradiant ensembles of two-
level atoms when departing from the ideal conditions of Dicke superradiance in which symmetry forbids the

population of subradiant states.

Collective spontaneous emission of light by atomic ensem-
bles has seen a renewed interest lately in the context of quan-
tum technologies. Superradiance, i.e. the emission of light at
a rate enhanced with respect to the single atom case, was ob-
served in many experiments [1, 2]. Recently, it was studied
with cold atoms [3, 4], both in dilute clouds [5-7] and dense
ensembles [8], also with atoms in cavity [9] or trapped near
waveguides and fibers [10—12]. Its counterpart, subradiance,
associated to a slow collective emission, has proven more
challenging to observe [13, 14]. It has been demonstrated only
in a handful of experiments using dilute [7, 15, 16] and dense
[17, 18] clouds of randomly distributed cold atoms. Here we
address the question as to how superradiant and subradiant
collective states are populated and evolve in laser-driven en-
sembles of two-level atoms.

In Dicke’s original proposal [19], superradiance originates
from an ensemble of N two-level atoms (states |g) and |e)),
placed in a volume small with respect to the transition wave-
length and all initially inverted [20]. In this scenario, only
permutationally-symmetric superradiant states are populated
during the decay. Contrarily, anti-symmetric subradiant states
are never populated. Moreover, these subradiant states are
strictly uncoupled even to an external drive, preventing the ob-
servation of subradiance. Experimental samples, however, de-
part from the symmetric conditions of the Dicke proposal, due
to (i) the finite (or large) sample size and (ii) the random posi-
tions of the atoms that leads to spatially varying dipole-dipole
interactions (the so-called van der Waals dephasing in [20]).
When sorted by the number n of atoms in |e), the full set of
states realizes a ladder, with the resonant dipole-dipole inter-
action coupling the bare states inside a manifold correspond-
ing to a given n (see Fig. 1a). Further, this breaking of sym-
metry makes it possible for symmetric states that, in the Dicke
case, would lead only to a superradiant cascade to now decay
towards subradiant ones. When all these 2V states have to be
considered, calculating the dynamics of the population of su-
perradiant and subradiant states, following a population inver-
sion or when driving the transition, is extremely challenging
for large systems [8, 16].

To understand the conditions for the appearance of super-
and subradiance and how the corresponding states are popu-
lated, we here perform experiments observing both phenom-

ena on the same sample. This is a dense, cigar-shaped cloud of
two-level atoms with radial size smaller than the wavelength
of their transition and axial size of a few wavelengths, as in
[8, 17]. By applying a global resonant excitation laser on the
g — e transition, and performing time-resolved fluorescence
measurements during and after the excitation, we characterize
both the superradiant and subradiant states in the same sam-
ple: we either nearly completely invert the system, or resolve
the full dynamics during a long excitation pulse. We show that
direct driving does populate subradiant states due to symme-
try breaking, and that a long excitation pulse populates slowly
the subradiant manifold, in a process akin to optical pump-
ing [16], while superradiance is weakened.

Our setup, described in [21, 22], operates an optical tweez-
ers containing N ~ 4500 8’Rb at a temperature of 650 uK.
The cloud’s dimensions are O,x = 1549 and Oy = 0.5,
where A9 = 780.2 nm is the wavelength of the D2 line (I'y ~
2w x 6 MHz, L, = 1.67mW/cm2). We isolate two Zee-
man sub-levels with a 50G magnetic field perpendicularly
to the cloud’s axis [8]. The atoms are optically pumped in
lg) = [581)2,F = 2,mp = —2) and are then excited perpen-
dicularly to the cloud’s axis (along the direction of the mag-
netic field), after being released from the trap, [23], by a 6_
polarized light resonant with |e) = [5P3 5, F' = 3,m}, = —3).
The excitation beam size is much larger than the atomic cloud.
The intensity is s = I/I ~ 75 (Rabi frequency Q ~ 6.5T),
with ~ 10% shot-to-shot fluctuations. The temporal shape of
the excitation is controlled with a fibered electro-optical mod-
ulator with rising and falling times shorter than 1 ns, com-
bined with two acousto-optical modulators to suppress resid-
ual light. The fluorescence emitted by the atoms along the
cloud’s axis is fiber-coupled to an avalanche photodiode oper-
ating in the single photon counting mode.

In order to investigate the influence of the initial atomic
states on the collective decay, we tune the duration of the driv-
ing pulse, exploiting the Rabi oscillations induced by the driv-
ing. If the pulse duration is small with respect to the sponta-
neous emission decay (occuring on a timescale 1/I'y) the sys-
tem is approximatively prepared in a coherent superposition
(cos(Qt) |g,) + ie™asRusin(Qt) [e,))®». In the Dicke limit,
ki, - R, = 0, and this initial state is coupled only to super-
radiant states since it is invariant under the exchange of two
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FIG. 1. Dynamics of super- and subradiant many-body states. a) Representation of the “Dicke ladder” for our two-level ensembles. The
superradiant states (highlighted in red) drive the cascade. The departure from ideal Dicke symmetries induces (i) a possibility for direct laser
driving of the subradiant states (green) and (ii) a decay from superradiant states towards subradiant ones. c¢) and d) [resp. e) and f)] show
the dynamics under driving of the superradiant (resp. subradiant) lifetime and photon count, extracted from the early (resp. late) decay with

timescales shown in b), see main text for details.

atoms. Conversely, for pulse durations long with respect to the
decay and Q > I'y, the population reaches steady-state and the
resulting density matrix is P, = (|en) (ea| + |gn) (gn]) " /2V
in which super and subradiant states are equally populated
[16, 24]. As we have recently shown [8], the axial emission
during Rabi oscillations is enhanced by superradiance. How-
ever the evolution of the population of the excited state for the
large Rabi frequency used here is only weakly modified and
follows well the single atom behavior described by the opti-
cal Bloch equations (OBEs). By collecting the fluorescence
emitted perpendicularly to the cloud’s axis (not enhanced by
superradiance) we are able to measure the evolution of the ex-
cited state fraction n, [8]. This evolution is also recovered
when measuring the axial fluorescence at very low atom num-
ber where superradiance does not take place.

To investigate the super and subradiant decay of our sample,
we record the photon counts during a 1ns time bin, detected
after having switched the excitation light off (at #y) and sepa-
rate the analysis in different time windows [seeFig. 1 b)]. At
short time, superradiance dominates and we extract the as-
sociated decay time Tguper by an exponential fit in the first
1/Ty ~ 26ns . We exclude the first 5ns from the fit to start
it after the superradiant pulse occurring shortly after #y, when
close to the total population inversion [8]. We also record
the total number of photons Ngyper during the first 26ns. This

count provides an indication of the population stored in super-
radiant states, which emit faster than the single atom lifetime.
The results for Tgyper and Nyyper are reported in Fig. 1¢),d) as
a function of the duration of the excitation pulse. Both quan-
tities oscillate at the same frequency, given by the Rabi fre-
quency Q = \/s/72 The excited state fraction n,, measured
for low atom number, is reported as a reference in each panel
of Fig. 1. The population of superradiant states oscillates in
phase with respect to n,(t), as expected, while Typer oscillates
in quadrature (i.e. the emission rate 'gyper = 1 / Tsuper OSCillates
in phase as expected).

This observation is a confirmation that population inver-
sion is the main drive for Dicke superradiance. But to deepen
the analysis, we plot in Fig. 2 the measured superradiant de-
cay time and photon count, now as a function of the mea-
sured excited state population n,. Strikingly, the data do not
collapse on a single curve: for a given excited state frac-
tion n,, very different decay times and photon counts are ob-
served. This stems from the fact that superradiance arises
not only from population inversion, but also from the emer-
gence of in-phase correlations between atoms, of the form
K- (Rn—R2) (5+G-) (1) where and 647 is the raising (low-
ering) operator for the state of atom n with position R,, and
k. is the wavevector of the light emitted along the cloud axis.
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FIG. 2. Superradiant decay time (top), and photon count (bottom)
plotted as a function of excited state fraction n,. The coloring indi-
cates the time of the end of the pulse.

The superradiant states in our system are the ones for which
these correlations are sizeable [8§]. When the population is in-
verted, these correlations first grow in time before decaying
via a superradiant cascade [8]. Thus depending at which stage
of the collective Rabi cycles one measures the decay, a differ-
ent dynamics unfolds. When we stop at #y the driving early
in a Rabi cycle (say m/2 time for which n, = 1/2), the cor-
relations have not had time to grow before 7y and we observe
a low photoemission rate and relatively slow final decay for
t > tg. On the other hand when we stop the driving at the end
of a Rabi flop (37/2, again with n, = 1/2) these correlations
have had time to grow before 7, so that a higher photoemis-
sion and faster decay is observed after #9. This explains why
at the same excited state fraction (n, = 1/2), different decay
times and superradiant population can be observed.

Having probed the dynamics of superradiant states, we now
move to the study of the subradiant decay occurring at later
times after switching off the drive. For the same experimen-
tal data as above, we measure the decay time Ty, using an
exponential fit for ¢ > tp 4+ 4 /Ty [see Fig. 1 b)]. We now sum
the photons recorded after to +4/Ip. This count Ny is re-
lated to the population of the long-lived states. The results are
reported in Fig. 1e),f). This decay time 7y}, is nearly indepen-
dent of the duration of the driving as the late decay mostly
involve subradiant states with similar decay times [17]. Next,
contrarily to superradiance, we observe that the number of
photons in the subradiant tail increases nearly monotonically

with time during the Rabi oscillations, saturating when the
system reaches steady state. Importantly, after a single Rabi
cycle (at t = 25ns), the population of the subradiant states has
already grown. This shows that, going through one cycle of
Rabi oscillations (including through superradiant states) does
lead to the population of subradiant states, due both to the
decay towards subradiant states [25] and a direct driving from
the ground state. This reveals the existence of a finite coupling
between super and subradiant states due to the fact that, in our
regime, the symmetry hypotheses on which Dicke’s model is
based are not satisfied. However, the subradiant population
has not reached its maximum value in a single cycle. Several
such cycles are necessary to reach the maximum population of
subradiant states. These measurements thus amount to a time-
resolved observation of an effective optical pumping mecha-
nism towards subradiant states through cycles in superradiant
ones as suggested in [16] for dilute clouds.

To gain intuition on the observations reported above, we
have solved the master equation [26] for N = 2 interacting
dipoles placed at an interatomic distance A /3, that is the mean
nearest neighbour distance in our experiment. The dipole-
dipole interaction in the numerics is thus similar to the one
of the experiment. For different times during the driving, we
evaluate the excited state fraction n,, and that of the subradiant

state (~|p(r)] =) [14) = 5 (leg) + lge))|.
count for the randomness of the atomic spatial distribution, the
simulations averaged over 1000 realizations, each obtained by
changing the angle between the interatomic axis and the quan-
tization axis, at a fixed interatomic distance.

To partially ac-

We report in Fig. 3a) the results of the simulation for an
excitation pulse of 150 ns. They reproduce remarkably well
the qualitative behavior observed in the experiment: while the
excited state fraction n, oscillates, the population of the sub-
radiant state is built through a different dynamics that involve
both direct excitation and decay from the doubly excited state
lee). To highlight this, we report in Fig.3b) the results of
the simulations with a 7-pulse where the population of |ee) is
maximized: after the end of the driving, the population of sub-
radiant state increases indicating that the symmetric state |ee)
decays in part towards |—). Depending on the relative orien-
tation between the laser propagation axis and the interatomic
axis, a direct excitation of |—) from the ground state is also
possible, leading to a different dynamics for different orienta-
tions. Our observations above indicate that both mechanisms
take place in our many-body experiments.

To conclude, we have explored the dynamics of super and
subradiant modes hosted in the same atomic cloud of two-
levels emitters close to the Dicke limit. By changing the dura-
tion of the excitation pulse, we prepare the system in different
many-body density matrices, studying how super and subra-
diant states are populated during the driving and their inter-
play during the decay. We find that although superradiance is
mainly governed by the excited state fraction, different corre-
lations, that grow during the drive lead to very different super-
radiant decays. We resolved in time how subradiant modes are
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FIG. 3. Simulation of the driving and decay of two atoms. a) Excited state fraction (red) and population (green) of the subradiant state |—)
during driving, for many different interatomic axis orientations (thin lines), and average (solid line). b) Same, but with driving switched-off
at the m-pulse time. This allows to see initial direct driving of the population in |—) and then an increase in population due to decay from the
doubly excited state |ee). The four states of the 2-atom system are shown as an inset in b).

populated via both a direct coupling and an optical-pumping-
like mechanism through the Dicke ladder. Elucidating the cor-
relation growth dynamics will be key to exploring the phase
diagram of ordered superradiant ensembles [27-30]. Further-
more, future experimental studies should aim at measuring the
predicted growth of entanglement associated to subradiance,
e.g. by measuring intensity correlation of the fluorescence
light [24].
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