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Experiments based on cavity quantum electrodynamics (QED) are widely used to study the interaction of
a light field with a discrete frequency spectrum and emitters. More recently, the field of waveguide QED
has attracted interest due to the strong interaction between propagating photons and emitters that can be
obtained in nanophotonic waveguides, where a continuum of frequency modes is allowed. Both cavity and
waveguide QED share the common goal of harnessing and deepening the understanding of light-matter
coupling. However, they often rely on very different experimental setups and theoretical descriptions. Here,
we experimentally investigate the transition from cavity to waveguide QED with an ensemble of cold atoms
that is coupled to a fiber-ring resonator, which contains a nanofiber section. By varying the length of the
resonator from a few meters to several tens of meters, we tailor the spectral density of modes of the
resonator while remaining in the strong coupling regime. When increasing the resonator length, we observe
a continuous transition from the paradigmatic Rabi oscillations of cavity QED to non-Markovian dynamics
reminiscent of waveguide QED.
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The conventional approach to a quantum description of
light-matter interaction has its foundation in the Jaynes-
Cummings (JC) model, that considers a single quantum
emitter that is coupled to a single-mode optical cavity; the
textbook example of cavity quantum electrodynamics
(QED) [1–4]. In this context, the so-called strong coupling
regime is of particular importance. It is reached when the
coupling rate between the resonator field and the quantum
emitter is much larger than all other decay rates. Under
these circumstances, coupling of light and matter can be
observed in the frequency domain as a splitting of the
resonator mode, known as vacuum Rabi splitting [5]. In the
time domain, this corresponds to a coherent energy
exchange between the quantum emitter and the cavity
field, usually referred to as vacuum Rabi oscillations [6,7].
Since the early days of quantum optics, the JC model as
well as its extension for ensembles of emitters, the Tavis-
Cummings (TC) model [8,9], have been successfully used
to describe a number of different quantum emitters coupled
to cavities, including atoms [5,6,10], Bose-Einstein con-
densates [11,12], molecules [13], quantum dots [14] and
superconducting qubits [15]. Nonetheless, most optical
cavities support not one, but infinitely many frequency
modes. Recently, it has been pointed out that the JC and TC
models implicitly rely on the assumption that the resonator
free spectral range, νFSR, is by far the largest frequency in
the system and, in particular, that it is much larger than the
natural linewidth of the emitter, 2γ [16]. Equivalently, the
resonator round-trip time, trt ¼ 1=νFSR, has to be much
shorter than the excited-state lifetime of the emitter,
τat ¼ 1=ð2γÞ. If this assumption is not fulfilled, some

distinctive features of cavity QED can be substantially
modified. For instance, in the limit when the distance
between the cavity mirrors approaches infinity, the emitters
interact with a continuum of frequency modes. Now, this
scenario is investigated in the rapidly growing field of
waveguide QED, which considers single-pass interactions
between an optical mode that propagates through a wave-
guide and ensembles of quantum emitters [17,18]. In this
context, phenomena such as the vacuum Rabi splitting
disappear and the light-matter coupling strength is rather
measured by the ensemble’s optical depth (OD).
Despite its conceptual and practical significance, the

transition between cavity and waveguide QED (Fig. 1) has
only been discussed in a handful of works [16,19,20]. This
may be partially due to the fact that most experimental
setups employ free-space cavities, in which, due to dif-
fraction, an increase of the cavity length has to be

FIG. 1. Comparing the resonator round-trip time, trt, with the
lifetime of the emitters, τat, allows us to distinguish between
different regimes of cavity QED. The case of waveguide QED
corresponds to a resonator with infinite length and trt → ∞. To
illustrate ring resonators operating in the different regimes, we
show quantum emitters coupled to a whispering-gallery-mode
resonator, a fiber-ring resonator, and a waveguide.
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accompanied by an increase of the mirror diameter in order
to remain in the strong coupling regime. Practically, this
limits the length of most optical cavities to centimeters, so
that the single mode approach of the JC and TC model
usually still holds.
In this Letter, we experimentally explore the transition

between cavity and waveguide QED in an all-fiber ring
resonator including a nanofiber-based optical interface for
cold atoms. This system allows us to tailor the density of
modes in the frequency domain by varying the length
of the fiber resonator. We present measurements obtained
by coupling resonators with geometric lengths, Lcav, of
5.8 m and 45.4 m to an ensemble of cold cesium atoms
probed on the D2 line, for which τat ¼ 30.4 ns [21]. The
two resonator lengths were chosen such that for the former
trt ≈ τat and for the latter trt ≫ τat. Because of the absence
of diffraction and the negligible propagation loss in optical
fibers for the length scales considered here, the cavity
length in this setup has no influence on the system’s
cooperativity parameter, C ¼ g2=ð2κγÞ; where g is the
collective ensemble-cavity coupling rate and κ is the total
cavity loss rate [4,22,23].
In particular, we concentrate on vacuum Rabi oscilla-

tions, one of the key features of atom-light interaction in
cavity QED. We experimentally demonstrate that, when
increasing the cavity length, Rabi oscillations are progres-
sively replaced by non-Markovian features [20,24,25] that
repeat at multiple integers of the round-trip time and are
reminiscent of the superradiant dynamics of waveguide
QED. Eventually, vacuum Rabi oscillations cease to exist
in the so-called superstrong coupling [16,19,26] or multi-
mode strong coupling [20,27] regime of cavity QED. This
occurs once the ensemble-cavity coupling strength, g,
becomes larger or comparable to the free spectral range,
νFSR, of the resonator. In this case the atoms interact
strongly with multiple longitudinal modes of the resonator.
As mentioned earlier, the JC and TC models correctly

capture the dynamics of short resonators, i.e., if trt ≪ τat.
To theoretically describe light-matter interactions for longer
resonators, in which trt becomes comparable or even larger
than τat, we follow the approach of Refs. [16,28,29]. There,
a more general real-space quantum mechanical approach is
developed, in which the optical mode of the resonator is
treated as a propagating wave that consecutively interacts
with the individual atoms along the fiber. This method
accounts for the position dependence of the field propa-
gating inside the resonator and thus naturally includes
coupling to all longitudinal cavity modes. Our model
therefore allows us to describe the delayed coherent feed-
back experienced by the atomic ensemble, which occurs in
long resonators. In the following, we refer to this appro-
ach as the cascaded interaction (CI) model (also see
Supplemental Material [30]).
Our experimental setup is sketched in Fig. 2 and consists

of a fiber-ring resonator containing an optical nanofiber that

is realized as the waist of a tapered optical fiber. The
nanofiber has a nominal diameter of 400 nm and a nominal
length of 10 mm. The evanescent field surrounding the
nanofiber allows us to interface the resonator to an
ensemble of cold cesium atoms that issues from a mag-
neto-optical trap. To couple light to and from the ring
resonator, we use a tunable fiber coupler with which we
control the coupling rate to the cavity. By splicing different
lengths of single-mode fiber between the two fiber coupler
ports, the resonator round-trip time can be varied. The time
domain response of the system is investigated by recording
the transmission through the fiber coupler with a single-
photon counting module (SPCM) after the rapid switch-on
of a weak probe laser beam, which then remains on for the
duration of the experiment. The probe power integrates to
less than one photon per excited state lifetime. By employ-
ing an electro-optic amplitude modulator, we realize a rise
time of the probe power of ≈850 ps, which is much
faster than the lifetime of the excited state of cesium.
All experiments are performed with the probe light as
well as the cavity on resonance with the D2 line of ce-
sium ð62S1=2; F ¼ 4 → 62P3=2; F ¼ 5Þ. To characterize the
steady-state frequency response of the system, we sweep
the continuous wave probe laser across the atomic tran-
sition and record the transmission with the SPCM.
The frequency and temporal response of the system for

ring resonators of different lengths are depicted in Fig. 3.
For completeness, we show our measurements together
with the predictions of the TC and CI models obtained for a
much shorter 5-cm-long ring resonator, operating in the
single-mode regime of cavity QED. This regime is not
easily accessible with our experimental platform, but has
been widely studied in the literature [5,6,31]. To adequately
compare the different resonators, we chose the system
parameters to ensure operations in the strong coupling
regime while, at the same time, keeping the ratio between g
and the dominating loss rate, i.e., the maximum of κ and γ
approximately constant, within the limits of our experi-
mental apparatus (Table I). In the TC model, this ratio
indicates the number of Rabi oscillations the system
undergoes before reaching a steady state. The predictions
for the CI model were obtained by fitting the data with the

FIG. 2. Experimental setup of our fiber-ring cavity system with
variable cavity length, Lcav. The ensemble-cavity system is
probed in transmission with a single photon counting module
(SPCM) after the rapid switch-on of a probe laser. Cs MOT:
cesium magneto-optical trap.
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OD as the only free parameter. All other cavity parameters
were measured independently from the empty cavity
response [30].
The standard case of a single-mode cavity is illustrated in

Figs. 3(a), 3(d), and 3(g) where a 5-cm-long resonator
(trt ¼ 241.7 ps ≪ τat ¼ 30.4 ns) is coupled to an atomic
ensemble with OD ¼ 1.42. A clear vacuum Rabi splitting
can be observed in the frequency domain around zero

detuning, Δ ¼ 0 [Fig. 3(a)]. As expected, the time domain
response [Fig. 3(d)] is characterized by conventional
sinusoidal Rabi oscillations, which are damped due to
dissipation. To further clarify the time domain signal, we
plot the ratio between the intracavity field amplitude just
before the fiber coupler, EcavðtÞ, and the amplitude, Ein, of
the field that entered the cavity at t ¼ 0 in Fig. 3(g). The
observed oscillations of the intracavity field are due to

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FIG. 3. Transmission through the ensemble-cavity system in the frequency domain [(a),(b),(c)] and in the time domain [(d),(e),(f)] for
different resonator lengths, Lcav. Experimental data of the cavities with atoms are represented by blue squares, while the spectra for the
empty cavities are shown in gray. The predictions from the Tavis-Cummings (TC) and the cascaded interaction (CI) model are plotted by
green-dashed and red-solid lines, respectively, and the fits of the empty cavity spectra are plotted in gray. The transition regime [(b),(e)]
simultaneously shows features from the single-mode [(a),(d)] and the multimode case [(c),(f)]. (g),(h),(i) Calculated intracavity field
amplitudes just before the fiber coupler, EcavðtÞ, normalized to the amplitude, Ein, of the field that entered the cavity at t ¼ 0 for the
parameters of (d)–(f), respectively. The ratioEcavðtÞ=Ein is real valued because the probe field is resonantwith both the cavity and the atomic
ensemble. trt: resonator round-trip time, τat: natural lifetime of emitters, Δ: laser-cavity detuning, νFSR: resonator free spectral range.

TABLE I. Cavity parameters for the three resonators investigated in Fig. 3. For theD2 line of cesium, the lifetime of the excited state is
τat ¼ 30.4ð2Þ ns and the spontaneous emission rate is 2γ ¼ 2 × 2π × 2.62ð1Þ MHz [21]. The errors were estimated from the fit and the
time resolution of our time domain measurements [30]. The numbers in parentheses represent the 95% confidence intervals.

trt ≪ τat trt ≈ τat trt ≫ τat

Cavity length Lcav 5.0 cm 5.843(5) m 45.423(5) m
Cavity round-trip time trt 241.67 ps 28.26(3) ns 219.70(3) ns
Free spectral range νFSR 4.14 GHz 35.38(3) MHz 4.5517(6) MHz
Optical depth OD 1.42 6.61(7) 14.4(1)
Ensemble-cavity coupling rate g 2π × 34.98 MHz 2π × 6.98ð4Þ MHz 2π × 3.70ð2Þ MHz
Total cavity loss rate κ 2π × 13.11 MHz 2π × 919.6ð3Þ kHz 2π × 114.2ð1Þ kHz
Cooperativity C 17.84 10.1(1) 22.9(2)
Ratio between g and dominating loss rate g/maxðκ; γÞ 2.67 2.67(2) 1.413(6)
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the periodic exchange of energy stored in the cavity and in
the atoms. The latter absorb the propagating field in the
resonator and, on resonance, reradiate the field with a phase
shift of π. The calculated signal at the detector is shown in
Fig. 3(d) and is the result of the interference of the light
transmitted by the fiber coupler, which never enters the
cavity, and the fraction of the intracavity field [Fig. 3(g)]
that is outcoupled. Because of the cavity resonance con-
dition, these two fields have a π-phase difference at t ¼ 0
and the detected signal is an inverted version of the
intracavity field.
The very different scenario of a ring resonator operating

in the superstrong coupling or multimode regime of cavity
QED is shown in Figs. 3(c), 3(f), and 3(i). Here, we present
experimental and theoretical results obtained by coupling
an ensemble with OD ¼ 14.4 to a 45.4-m-long resonator
(trt ¼ 219.7 ns ≫ τat ¼ 30.4 ns). The multimode nature of
light-matter coupling can be clearly observed in the
system’s frequency response [Fig. 3(c)]. Together with
the familiar splitting around Δ ¼ 0, adjacent resonator
modes are also shifted outwards in the presence of atoms
compared to the empty resonator spectrum, which is plotted
in gray [19,26]. This shift becomes smaller the further away
the cavity modes are from the central resonance. This
system clearly operates beyond the validity of the TC
model, which only qualitatively reproduces the vacuum
Rabi splitting, see green dashed line. However, it is in the
time domain [Fig. 3(f)], that the observed dynamics deviate
even more from standard cavity QED. No Rabi oscillations
are visible and, instead, the transmission is characterized by
sharp features separated by the round-trip time. This is in
very good agreement with the prediction of the CI model.
To understand the origin of these sharp features, we
consider again the intracavity field illustrated in Fig. 3(i).
The light field enters the cavity at t ¼ 0 and reaches the
output coupler at t=trt ¼ 1, when the switch-on of the laser
beam can be observed. Then, the field amplitude starts to
decay due to absorption by the atomic ensemble, which
happens on a timescale much faster than the round-
trip time. In particular, taking into account collective
light-matter coupling, the decay of the intracavity field
amplitude occurs with an initial rate approximately given
by ð1þ OD=4Þ=ð2τatÞ [32]. This process unfolds unper-
turbed until the light completes a full cavity round-trip.
Since trt is so long, the light field reaches a steady state with
Ecav=Ein ¼ e−OD=2, meaning that increasing the cavity
length further would no longer qualitatively alter the
results. Up to this point, the system response is completely
equivalent to the single-pass dynamics of waveguide QED.
At t=trt ¼ 2, the atoms are again driven by the switch-on of
the laser beam at its second round-trip. The absorption
process repeats now similarly, however, its initial decay rate
is faster. This is because the light field that reaches the
atoms at the second round-trip has already interacted with
the same ensemble once. Therefore, from a waveguide

QED perspective, the observed behavior should be com-
pared to a single pass through an ensemble with twice the
OD [29]. Generally, the intracavity dynamics after the mth

round-trip is approximately the same as a single pass
through an ensemble with a total optical depth ODtot ¼
m × OD. In fact, in this regime, no buildup of the intra-
cavity field occurs and the ring resonator acts as a non-
Markovian reservoir, meaning that it provides delayed
coherent feedback to the atomic ensemble. We note that
the oscillations that follow the initial decay of the intra-
cavity field are typical features of collective light-matter
coupling for ensembles of emitters arranged in a single
spatial dimension [32]. Also here, when considering the
signal at the detector in Fig. 3(f), all the features that we
discussed above appear inverted due to the π-phase shift
that follows from the cavity resonance condition.
A surprisingly rich dynamics characterizes the transition

regime, that we reached by coupling a 5.8-m-long ring
resonator (trt ¼ 28.26 ns ≈ τat ¼ 30.4 ns) to an ensemble
with OD ¼ 6.61. The frequency response of the system is
shown in Fig. 3(b), where, at first sight, the multimode
nature of light-matter coupling seems negligible. Indeed,
the observed vacuum Rabi splitting is reasonably well
reproduced by the TC model, which, however, incorrectly
predicts the steady-state transmission for resonant ex-
citation. Furthermore, the neighboring cavity modes exhibit
a modest outwards shift when compared to the empty
resonator spectrum. However, a careful analysis of the
time domain response of the system reveals a clearer
picture. Notably, our measurement of the transmitted light
[Fig. 3(e)] exhibits conventional Rabi oscillations super-
imposed with the non-Markovian dynamics, i.e., the system
simultaneously exhibits single-mode and multimode fea-
tures. To further support this claim, we note that the
envelope of the measured signal (i.e., the Rabi oscillations)
roughly coincides with the predictions of the TC model.
The small discrepancies between our measurements and the
CI model can be attributed to inhomogeneous broadening
in the atomic ensemble. This rather complex behavior can
be clarified by considering the time evolution of the
intracavity field shown in Fig. 3(h). Here, the initial
dynamics is very similar to the multimode case discussed
before. Again, the switch-on of the laser beam at t=trt ¼ 1
is followed by a decay due to atomic absorption, at a rate
that only depends on τat and OD. However, since trt is
significantly shorter in this case, there is not enough time
for the intracavity field to reach the steady state before the
first round-trip is completed. For this reason, round-trip
after round-trip, the intracavity field builds up and Rabi
oscillations similar to those depicted for the single-mode
case [Fig. 3(g)] appear together with the non-Markovian
dynamics. Interestingly, in the transition regime, the
system dynamics are qualitatively the same for a relatively
wide range of values of the tunable system parameters
(κ, OD, Lcav). To illustrate this point, in the Supplemental
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Material [30], we show theoretical predictions of the TC
and CI model assuming a narrower resonator linewidth, a
larger OD, and a shorter resonator.
In conclusion, we presented a detailed experimental

study of collective light-matter coupling at the transition
between cavity and waveguide QED. The use of an all-fiber
system allows us to experimentally access new regimes of
cavity QED, in which the non-Markovian response of the
cavity becomes relevant. We note that the three regimes
considered here offer a comprehensive overview of pos-
sible scenarios, as increasing or decreasing the resonator
length any further does not qualitatively alter the response
of the system. Future research includes extending this study
to the high-saturation regime, where the nonlinear response
of the atoms becomes relevant [33–35]. Observing these
effects with cold atomic ensembles required unusually long
resonators. However, for other types of quantum emitters,
with orders of magnitude larger intrinsic linewidth, these
effects become relevant for surprisingly short resonators.
For instance, for quantum dots with radiative lifetimes
between 100 ps to 1 ns [14] non-Markovian features should
already appear when coupling them to resonators just a few
millimeters long. The properties of non-Markovian systems
featuring coherent time-delayed feedback have been
recently discussed in the context of photonic circuits [36]
and collective spontaneous emission between distant quan-
tum emitters [24,37]. From this perspective, our results
shed light on the interplay between the single-pass collec-
tive response of the atoms and the resulting ensemble-
cavity dynamics and have the potential to unveil novel and
unintuitive phenomena in these new regimes of light-matter
interaction.
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