PHYSICAL REVIEW LETTERS 130, 163602 (2023)

Collective Radiation of a Cascaded Quantum System: From Timed Dicke States
to Inverted Ensembles
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The collective absorption and emission of light by an ensemble of atoms is at the heart of many
fundamental quantum optical effects and the basis for numerous applications. However, beyond weak
excitation, both experiment and theory become increasingly challenging. Here, we explore the regimes
from weak excitation to inversion with ensembles of up to 1000 atoms that are trapped and optically
interfaced using the evanescent field surrounding an optical nanofiber. We realize full inversion, with about
80% of the atoms being excited, and study their subsequent radiative decay into the guided modes. The data
are very well-described by a simple model that assumes a cascaded interaction of the guided light with the
atoms. Our results contribute to the fundamental understanding of the collective interaction of light and
matter and are relevant for applications ranging from quantum memories to sources of nonclassical light to

optical frequency standards.
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The collective emission of radiation by an ensemble of
atoms is a central problem in quantum optics that has
recently seen renewed interest in the context of optical
quantum technologies. The super- and subradiant states that
emerge when a propagating light field couples to a spatially
extended ensemble of emitters can be used as a resource to
implement novel protocols, e.g., in the context of quantum
information, quantum communication, and frequency stan-
dards [1-5]. The underlying, so-called timed Dicke regime
has been extensively studied, both theoretically and exper-
imentally, e.g., with ensembles of laser-cooled atoms in the
optical domain [6-14]. However, the regime where the
ensemble is highly excited or even fully inverted has only
recently become accessible [15-18]. There, the theoretical
description becomes increasingly complex due to the expo-
nential scaling of the system’s Hilbert space with the number
of emitters [19-25]. Nanofiber-based atom-light interfaces
are a new experimental avenue for studying collective
radiative dynamics, where all waveguide-coupled atoms
couple efficiently to the guided optical mode [26-33]. In
addition, direction-dependent coupling can be implemented,
providing access to the field of chiral quantum optics [34],
and the waveguide mediates an effectively infinite-range
interaction between atoms [29,35-38]. While such systems
have been explored in the weak excitation regime, coherent
optical control and inversion of atomic ensembles coupled to
nanophotonic structures have proven difficult [39]. This is
due to comparably large passive heating rates, strong field
gradients, and undesired spin-motion coupling.

Here, we explore the collective radiation of an ensemble
of up to 1000 waveguide-coupled atoms from weak
excitation to almost full inversion. The atoms are trapped
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close to an optical nanofiber and excited by a resonant, fiber-
guided probe pulse that is much shorter than the excited state
lifetime. We observe Rabi oscillations of the ensemble by
counting the number of photons absorbed from the excitation
pulse and achieve almost full inversion. We measure the
fluorescence emitted into the nanofiber-guided modes, infer
a collective coupling efficiency, and study its dependence on
the pulse area and on the number of atoms. The almost
unidirectional atom-waveguide coupling inherent to our
system realizes a cascaded quantum system, allowing us
to understand the dynamics by a model, whose complexity
scales only linearly with the number of atoms. We note that
superradiance in a cascaded quantum system is fundamen-
tally different from superradiance on a cascade transition as,
e.g., observed in Ref. [40].

Our experimental setup is schematically shown in
Fig. 1(a). The nanofiber is realized as the waist of a tapered
optical fiber and has a nominal diameter of 500 nm. A
running-wave blue-detuned nanofiber-guided field (wave-
length 760 nm, power 20.5 mW) and a standing-wave red-
detuned field (wavelength 1064 nm, total power 2.4 mW)
form two diametral arrays of optical trapping sites, located
about 230 nm from the nanofiber surface. We prepare cesium
atoms on only one side of the fiber with at most one atom per
trapping minimum [4 1-44]. We choose the quantization axis
(+2) to be normal to the plane formed by the array of atoms
and the nanofiber. We then infer the number of trapped
atoms, NV, using transmission spectroscopy [42]. Throughout
the experimental sequence described below, we continuously
perform degenerate Raman cooling of the optically trapped
atoms on the |68 /,, F =4) = |6P),, F = 4) DI transi-
tion. The scattering rate of this free-space laser field is far
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FIG. 1. (a) Schematic of the experimental setup. Cesium atoms

(yellow discs) in a nanofiber-based dipole trap are evanescently
interfaced with a guided probe pulse. The atom-waveguide
coupling strengths S, and f, are propagation-direction-
dependent, indicated by the white arrows. The transmitted and
reflected pulses are sent to two detection setups. (b) We model the
system dynamics using a cascaded interaction model, where the
kth atom is described by the density operator p; and is driven by a
coherent field with amplitude ;.

smaller than the decay rate of the atoms, thus not altering the
dynamics. We estimate the temperature of the cooled atoms
to be about 10 pK [43,44]. Moreover, degenerate Raman
cooling continuously pumps the atoms to the outermost
Zeeman ground state, |g) = |68, F =4, mp = —4).
In order to study the collective dynamics, we launch
probe light pulses into the fiber, which are resonant with
the 68,5, F = 4) — |6P3),, F = 5) D2 transition. At the
position of the atoms, the probe light is almost perfectly
o~ -polarized [45]. The pulses thus predominantly drive the
cycling transition between ground state |g) and excited state
le) = |6P3),, F =5, mp = —5), realizing a two-level atom.
We derive the probe pulses from a continuous wave laser
using two cascaded Mach-Zehnder-based amplitude mod-
ulators. For all measurements, the pulse length is set to
Tpuise= 5 s, i.e. much shorter than the 6P5, state’s natural
lifetime of about 30.5 ns [46]. Per sequence, we launch 400
probe pulses into the nanofiber (repetition rate 5 kHz) and
record time traces of the output power in both forward and
backward direction using single-photon counting modules;
see Supplemental Material (SM) [44]. The number of trapped
atoms stays essentially constant during this probing (we
measure that at most 15% are lost). To obtain sufficient
statistics, we average several hundred recorded traces.
Figure 2 shows time traces (red dots) of the measured
output power in the forward direction, P, for different
input pulse powers and about 300 trapped atoms. For
comparison, we also show P, without atoms (blue dots), as
well as the prediction of linear response theory, which
models the atoms as classical Lorentz oscillators (gray
dashed line) [33]. For the input probe power of 20 pW in
Fig. 2(a), we observe that P, decreases during the exci-
tation pulse as predicted by linear response. Subsequently,
the atoms emit fluorescence into the waveguide with a
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FIG. 2. Dynamics of the power of a fiber-guided, resonant 5 ns
probe pulse transmitted through about 300 atoms for different
input powers (red dots). The reference measurement without
atoms is shown as blue dots. (a) In the weak excitation regime, the
dynamics is well-captured by linear response theory (gray dashed
line). (b),(c) For larger powers, the dynamics deviates from linear
response, but is captured by a cascaded interaction model (black
solid line). We extract the number of photons absorbed and
emitted into the forward propagating mode from the area of the
blue and light-red shaded areas, respectively. Note the rescaled y
axis for 7 > 0 ns.

collectively enhanced decay constant of 6.1(1) ns [33].
When we increase the input power by about 3 orders of
magnitude to 30 nW and 60 nW in Figs. 2(b) and 2(c),
respectively, the dynamics deviates from linear response.
Generally, the strength of the optical drive can be quantified
by the Rabi frequency seen by the first atom
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where P is the optical input probe power, Zw the photon
energy, and fy =I';/T"~ 0.01 the coupling strength to the
forward-propagating mode [44]. Here, I'; is the emission
rate into the forward-propagating mode and I' is the total
emission rate. The coupling strength f, which is deter-
mined by the overlap integral of the atomic radiation mode
and the forward-propagating guided mode gives the prob-
ability that a single, excited atom emits a photon into the
guided mode. The pulse area seen by the first atom is A; =
Qi Tpuse # 0.027 in Fig. 2(a), i.e., much smaller than z.
Therefore, the atoms reside mostly in their ground state,
and the dynamics can be described by linear response
theory. The pulse areas in Figs. 2(b) and 2(c) are about 0.7z
and 7z, respectively, such that the atomic nonlinearity
becomes apparent. The observed nonlinear transmission
dynamics during the excitation pulse results from Rabi
oscillations of the atomic ensemble, which manifests as a
modulation of the coherently reradiated field. In particular,
during the excitation pulse we observe an increase of P
after an initial decrease in Fig. 2(c) as the ensemble
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becomes transparent when it is fully inverted. The fluo-
rescence power for ¢ > 0 ns is orders of magnitude lower
than predicted by linear response in Figs. 2(b) and 2(c).
Let us now try to understand the observed nonlinear
dynamics quantitatively. Because of the chiral coupling of
the atoms to the nanofiber mode, the o~ -polarized fluo-
rescence is predominantly emitted into the forward direc-
tion [47], which is why we neglect the optical drive from
the backward-propagating mode in the following. We thus
describe our system using a cascaded interaction model; see
Fig. 1(b). We neglect free-space coupling between the
atoms because their average nearest-neighbor distance
exceeds half the free-space wavelength of the emitted
radiation. We describe the kth atom by the density operator
pr and assume that it is driven by a coherent, time-
dependent field with amplitude a;. The first atom is driven

by the field a; = /P;/(hw). We determine a;,; by
interfering a; with the coherent part of the light field that

is emitted into the waveguide by the kth atom, yielding the
input-output equation [48]

Uy = o — i/ BIpl (2)

Consecutively solving the Lindblad master equation for
each atom and Eq. (2) for all fields, we obtain the time-
dependent quantities a;, p{°, and p{¢ and compute the
transmitted power, P, via

N
py = o lawa P+ 403 61 - AP @)
k=1

As can be seen from Eq. (3), P, generally differs from
ho|ay.|*, i.e., the field is not in a coherent state anymore.
The first term in the square bracket thus describes the
coherent part of the transmitted radiation while the second
term describes the incoherently emitted light. While this
incoherent part does contribute to the total emitted power,
we neglect the stimulation of emission by it, such that it
does not influence the dynamics of the downstream atoms.
Our model is equivalent to a time-dependent first-order
cumulant expansion [49] and coincides with linear
response theory in the limit of weak excitation [33]. For
large ensembles in a perfectly inverted state, higher-order
correlations have to be included to correctly describe the
dynamics [49]. To account for temperature-induced fluc-
tuations of the atomic positions and the corresponding
coupling strengths, we draw f; from a Gaussian distribu-
tion; see SM for details [44]. By fitting the simulated P to
our experimental data, we find the mean and standard
deviation of f; to be 0.0108 and 0.0065, respectively. This
mean value agrees reasonably with an independent satu-
ration measurement [42] that yields f, = 0.009(1). We
numerically checked that this spread of S, does not

qualitatively alter the collective dynamics [44,50]. The
predicted power according to Eq. (3) is shown as black
solid lines in Fig. 2. In the weak excitation regime, it
reproduces the predictions of linear response. Remarkably,
the model also describes the dynamics in the nonlinear
regime well.

To further shed light on the system dynamics, we
determine the absorbed pulse energy from the blue shaded
areas in Fig. 2. From this, we infer the average number of
absorbed photons per atom, n,;,,, which we show in Fig. 3(a)
as a function of the input power P; (and pulse area A;). The
black dots indicate the measured values, which are quanti-
tatively predicted by our model (solid black line). The
corresponding model prediction of the average excitation
probability at t = 0, pe., 1S shown as the dashed black line in
Fig. 3(a). We observe damped Rabi oscillations, where 7,
and p.,. reach maximum values of 0.85(1) and 0.76(1),
respectively. We thus conclude that we achieve significant
inversion of the ensemble. We note that, due to absorption of
the excitation pulse along the atomic ensemble, maximal
inversion is reached for a pulse area of A; = 1.06z, which is
slightly larger than z. Because of the small probability that an
atom decays during the probe pulse, p.,. is slightly smaller
than ng,. In the following, we use the experimentally
obtained n,,, as an estimate of p...

We now study the number of photons, n{m, that are
emitted per atom into the forward direction after switching
off the pulse, inferred from the light-red shaded areas in
Fig. 2. Figure 3(b) shows the measured values of ngm (blue
diamonds) and the corresponding model prediction (solid

blue line). The maximum value of ngm is as high as
0.225(2), meaning that, on average, about 70 photons
are emitted into the forward direction by 300 atoms.

Notably, the maximum of ngm does not occur for the same

pulse area as the maximum of p,., because nim depends on
both the collective enhancement of radiation and on the
total number of photons stored in the ensemble. While the
former stems from constructive interference of the scattered
fields and is maximized for vanishing input power, the
latter peaks for a # pulse.

In order to quantify the collective enhancement in
forward emission, we compute the fraction of stored energy
emitted into the forward direction, ny = nim / Naps» ShOWN as
blue diamonds in Fig. 3(c). The solid blue line shows the
corresponding model prediction. For vanishing input
power, where the emission is fully coherent, the system
behaves as a phased array of classical dipoles, featuring
enhanced forward scattering, as predicted by linear
response. The maximum value of 7, = 0.62(1) corre-
sponds to a sixtyfold enhancement compared to indepen-
dent emission. As we increase the input power, incoherent
spontaneous emission starts to dominate the decay dynam-
ics. Concomitantly, n, drops, reaching a minimal value of
0.011(2) for a pulse area of 1.06z. While n, reaches a
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FIG. 3. (a) Measured average number of absorbed photons per

atom, n,, as a function of the input power, Py, and the
corresponding pulse area seen by the first atom, A;. The black
solid and dashed lines show the model prediction for n,,, and the
excited state probability, p..., respectively. We observe damped
Rabi oscillations, where up to about 80% of the atoms are being
excited. (b) Number of photons per atom emitted into the forward
(backward) propagating mode, nly (nby), shown as blue dia-
monds (red dots). The corresponding model prediction is in-
dicated by the blue solid (red dashed) line. (c) Fraction of stored
energy emitted into the forward (backward) propagating mode, 77,
(11,)- For weak driving, 7, is collectively enhanced. As the power
is increased, nr decreases and reaches its minimal value for a
pulse area of z, while #; follows the opposite trend.

minimal value that coincides with the value expected for
independently emitting atoms, i.e., min(n,) =, the
ensemble still features collective dynamics, as can be seen
from the nonexponential decay in Fig. 2(c). This reduction
of 777 is due to a loss of atomic coherence, which is expected
for an inverted ensemble.

In addition to Py, we also measure the output power in
the backward direction, P;. We plot the average number of
photons per atom, nb., as well as the fraction of stored
energy that is emitted into the backward direction, 7, as
red dots in Figs. 3(b) and 3(c), respectively. In contrast to
the forward direction, n%,, follows a similar trend as py.
and peaks at a pulse area of about z. This backward
emission of radiation is due to the small overlap of the
atomic radiation mode with the backward-propagating
mode, which we neglect in the cascaded interaction model.
The expected backward coupling strength can be computed
to be f, =0.087p; [47]. In order to estimate nb., we
incoherently sum up the time-dependent atomic emission
rates to calculate the power emitted into the backward
direction
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FIG. 4. Fraction of stored energy emitted into the forward
direction, nNf> as a function of the atom number, N, for different
pulse areas, A;. The data are well-described by the cascaded
interaction model (solid lines). As a comparison, we also plot the
result from linear response theory (gray dashed line), which
coincides with the prediction of the cascaded interaction model
for the smallest pulse area, A; = 0.037.

N
Py = hw Zﬁbrpie, (4)
k=1

which we integrate over time to obtain nZ,,. The assumption
of incoherent summation is motivated by the fact that the
spatial period of the trapping potential does not fulfill the
condition for Bragg reflection of the probe light, and
the atoms are randomly distributed over the trapping sites
with a nonunity filling factor. Indeed, the resulting model
prediction agrees quantitatively with the experimental data;
see dashed red lines in Figs. 3(b) and 3(c).

To further consolidate our cascaded interaction model, we
now turn to the forward emission again and study 7, as a
function of the atom number, N, for different pulse areas A,
in Fig. 4. The colored dots show the experimental data, which
are well-predicted (solid lines) throughout the whole param-
eter range. For the smallest values of A, 7, first increases
linearly with N and then reaches a plateau, where up to
66(2)% of the stored energy is emitted into the forward
propagating mode. This behavior is captured by linear
response theory (dashed gray line). Beyond this regime,
both the initial slope of 7,(N) and the value of the plateau
decrease with A;. For A; = 0.9z, we observe a qualitative
change in the behavior of 7, which initially increases
superlinearly with N, indicative of the buildup of a collective
dipole moment along the array of atoms. For A; = 1.067, 17,
stays at a low constant value until N = 400, from when on it
increases superlinearly. We numerically checked that the
initially constant 77,(N) is due to the finite temperature of
the atoms; see SM [44]. For an even larger pulse area of
Ay = 1.3z, 5 scales qualitatively similarly with N as for the
case of A| = 0.7x. The smaller values of slope and plateau
are predominantly due to the larger thermal fluctuations of
the pulse areas seen by the different atoms.
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In conclusion, through the unidirectional coupling of
up to 1000 atoms to a nanofiber, we realized a cascaded
quantum system, where the dynamics of each atom
depends only on the dynamics of the upstream atoms
[51,52]. We studied the coherent excitation dynamics of the
atomic ensemble and confirmed that we achieve almost full
inversion by counting the number of photons absorbed
from the excitation pulse.

We showed that throughout a large parameter range from
weak excitation to full inversion, we can simulate the
dynamics with a model whose computational complexity is
linear in the number of atoms and which explains how the
complex interplay between collectively enhanced forward
scattering and the number of excitations determine how
much energy is emitted into the waveguide.

The agreement between our model and the data indicates
that the coherent part of the emitted fields dominates the
decay dynamics over a surprisingly wide range of param-
eters. Beyond the parameter regime studied here, interest-
ing avenues for future research open up. For example, for
larger numbers of fully inverted atoms, a given atom is
predominantly driven by the incoherent part of the light
emitted by the other atoms. In this regime, an initial buildup
of the collective emission intensity has been predicted [53]
and recently observed [54]. In stark contrast to the usual
case of Dicke superradiant bursts [55-57], this dynamics is
independent of the average separation between adjacent
emitters. By tuning the directionality of atom-waveguide
coupling, the dynamic mode competition in the presence of
a directional bias could be studied. In this case, even a small
asymmetry in the coupling strength may lead to a strongly
directional emission [22]. Finally, our results constitute an
important step toward full coherent optical control of atoms
that interact via a nanophotonic waveguide, enabling,
e.g., the generation of multiphoton quantum states of light
[58,59].
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