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We propose a general framework to effectively “open” a high-Q resonator, that is, to release the quantum
state initially prepared in it in the form of a traveling electromagnetic wave. This is achieved by employing
a mediating mode that scatters coherently the radiation from the resonator into a one-dimensional
continuum of modes such as a waveguide. The same mechanism may be used to “feed” a desired quantum
field to an initially empty cavity. Switching between an open and “closed” resonator may then be obtained
by controlling either the detuning of the scatterer or the amount of time it spends in the resonator. First, we
introduce the model in its general form, identifying (i) the traveling mode that optimally retains the full
quantum information of the resonator field and (ii) a suitable figure of merit that we study analytically in
terms of the system parameters. Then, we discuss two feasible implementations based on ensembles of
two-level atoms interacting with cavity fields. In addition, we discuss how to integrate traditional cavity
QED in our proposal using three-level atoms.
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Introduction.—The past two decades have witnessed the
blooming of cavity QED, through vast advances in the
development of high-Q optical and microwave cavities, and
in the ability to coherently control individual quantum
emitters interacting with confined radiation [1–3]. Cavity
QED has long been the paradigmatic setup to investigate
models of interaction between light and matter at the single-
photon level, and led both to investigations into the
fundamental properties of quantized radiation [4] and to
the development of some of the most sophisticated quan-
tum control techniques available to date [5]. Recently,
analogous models have been implemented in a variety of
experimental platforms such as circuit QED, trapped ions,
and Bose-Einstein condensates (BECs) [6–8].
Promising as this progress may be, the step from proof

of principle demonstrations to operational quantum tech-
nology inspired by the cavity QED paradigm is prevented
at this stage by a fundamental difficulty: on one hand, such
an endeavor would request one to operate light matter
interactions in the strong coupling regime, where the
coupling strength is at least comparable to the cavity decay
rate; on the other hand, it would be highly desirable to
extract the state of the cavity field on reasonably short time
scales. These two requirements, implying respectively high
and lowQ factors, are inherently contradictory. In addition,
in high-Q cavities, the photon lifetime can be maximized
only by reducing the transmittivity to a minimum, typically
to values comparable to the cavity losses. Thus, the
physically accessible field that naturally leaks
out from the cavity does not faithfully retain the quantum
properties of the intracavity field, posing a major problem
for the exploitation of cavity QED-like architectures in

scalable quantum information processing and quantum
networks [9].
In light of the above, it would be extremely desirable to

control in time the Q factor of a cavity, possibly switching
between a cavity in the strong coupling regime and an
“open” one in a coherent fashion. To this end, theoretical
and experimental advances have been achieved in photonic
crystal cavities [10], and some degree of control at the
quantum level has been very recently demonstrated in
superconducting resonators [11] and in optical cavities
[12]. Let us stress that these efforts differ from usual studies
on qubit networks [26], despite the fact that the latter often
require to release and catch photons between cavities. In fact,
the former aim at converting the field confined into a
resonator—a continuous-variable system—to a traveling
field, whereas the latter try to exchange information
between confined two-dimensional systems (e.g., two-level
atoms trapped in cavities with a fixed Q factor).
In this Letter, we propose a general framework to achieve

such coherent control of a resonator Q factor, by intro-
ducing a mediating bosonic mode that scatters coherently
the cavity radiation into an experimentally accessible, one-
dimensional continuum of modes (waveguide for brevity).
We quantify the performance of our scheme in terms of a
few effective model parameters, and discuss some possible
implementations based on the cavity-QED architecture.
The complementary process of “feeding” an initially empty
cavity through the waveguide is also studied and shown to
yield the same performance [13].
The basic model.—The system under investigation is

sketched in Fig. 1. We consider a high-Q resonator (cavity
for brevity) in which a desired quantum field has been

PRL 112, 133605 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
4 APRIL 2014

0031-9007=14=112(13)=133605(5) 133605-1 © 2014 American Physical Society

Coherently Opening a High-Q Cavity

Tommaso Tufarelli,1,* Alessandro Ferraro,2 Alessio Serafini,3 Sougato Bose,3 and M. S. Kim1

1QOLS, Blackett Laboratory, Imperial College London, London SW7 2BW, United Kingdom
2School of Mathematics and Physics, Queen’s University Belfast, Belfast BT7 1NN, United Kingdom

3Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT, United Kingdom
(Received 5 September 2013; published 4 April 2014)

We propose a general framework to effectively “open” a high-Q resonator, that is, to release the quantum
state initially prepared in it in the form of a traveling electromagnetic wave. This is achieved by employing
a mediating mode that scatters coherently the radiation from the resonator into a one-dimensional
continuum of modes such as a waveguide. The same mechanism may be used to “feed” a desired quantum
field to an initially empty cavity. Switching between an open and “closed” resonator may then be obtained
by controlling either the detuning of the scatterer or the amount of time it spends in the resonator. First, we
introduce the model in its general form, identifying (i) the traveling mode that optimally retains the full
quantum information of the resonator field and (ii) a suitable figure of merit that we study analytically in
terms of the system parameters. Then, we discuss two feasible implementations based on ensembles of
two-level atoms interacting with cavity fields. In addition, we discuss how to integrate traditional cavity
QED in our proposal using three-level atoms.

DOI: 10.1103/PhysRevLett.112.133605 PACS numbers: 42.50.Pq, 42.50.Ex

Introduction.—The past two decades have witnessed the
blooming of cavity QED, through vast advances in the
development of high-Q optical and microwave cavities, and
in the ability to coherently control individual quantum
emitters interacting with confined radiation [1–3]. Cavity
QED has long been the paradigmatic setup to investigate
models of interaction between light and matter at the single-
photon level, and led both to investigations into the
fundamental properties of quantized radiation [4] and to
the development of some of the most sophisticated quan-
tum control techniques available to date [5]. Recently,
analogous models have been implemented in a variety of
experimental platforms such as circuit QED, trapped ions,
and Bose-Einstein condensates (BECs) [6–8].
Promising as this progress may be, the step from proof

of principle demonstrations to operational quantum tech-
nology inspired by the cavity QED paradigm is prevented
at this stage by a fundamental difficulty: on one hand, such
an endeavor would request one to operate light matter
interactions in the strong coupling regime, where the
coupling strength is at least comparable to the cavity decay
rate; on the other hand, it would be highly desirable to
extract the state of the cavity field on reasonably short time
scales. These two requirements, implying respectively high
and lowQ factors, are inherently contradictory. In addition,
in high-Q cavities, the photon lifetime can be maximized
only by reducing the transmittivity to a minimum, typically
to values comparable to the cavity losses. Thus, the
physically accessible field that naturally leaks
out from the cavity does not faithfully retain the quantum
properties of the intracavity field, posing a major problem
for the exploitation of cavity QED-like architectures in

scalable quantum information processing and quantum
networks [9].
In light of the above, it would be extremely desirable to

control in time the Q factor of a cavity, possibly switching
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Introduction — The past two decades have witnessed the
blooming of cavity-QED, through vast advances in the devel-
opment of high-Q optical and microwave cavities, and in the
ability to coherently control individual quantum emitters in-
teracting with confined radiation [1–3]. Cavity-QED has long
been the paradigmatic setup to investigate models of interac-
tion between light and matter at the single-photon level, and
led both to investigations into the fundamental properties of
quantized radiation [4] and to the development of some of the
most sophisticated quantum control techniques available to
date [5]. Recently, analogous models have been implemented
in a variety of experimental platforms such as circuit-QED,
trapped ions and Bose-Einstein condensates (BECs) [6–8].

Promising as this progress may be, the step from proof of prin-
ciple demonstrations to operational quantum technology in-
spired by the cavity QED paradigm is prevented at this stage
by a fundamental di�culty: on one hand, such an endeavor
would request one to operate light matter interactions in the
strong coupling regime, where the coupling strength is at least
comparable to the cavity decay rate; on the other hand, it
would be highly desirable to extract the state of the cavity
field on reasonably short time scales. These two requirements,
implying respectively high and low Q-factors, are inherently
contradictory. In addition, in high-Q cavities, the photon life-
time can be maximized only by reducing the transmittivity to a
minimum, typically to values comparable to the cavity losses.
Thus, the physically accessible field that naturally leaks out
from the cavity does not faithfully retain the quantum prop-
erties of the intra-cavity field, posing a major problem for
the exploitation of cavity QED-like architectures in scalable
quantum information processing and quantum networks [9].

In light of the above, it would be extremely desirable to con-
trol in time the Q-factor of a cavity, possibly switching be-
tween a cavity in the strong coupling regime and an “open”
one in a coherent fashion. To this end, theoretical and ex-
perimental advances have been achieved in photonic crystal
cavities [10], and some degree of control at the quantum level
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Figure 1. (Color online) Schematics of the proposed model. A high-
Q cavity field (mode â) and a bosonic mediator (mode b̂) interact res-
onantly with strength g. Mode b̂ radiates into the waveguide at rate �,
allowing the cavity field to be mapped onto the travelling mode f̂out.
Residual losses, not associated with detectable modes, are quantified
by �ext for the bosonic mode and  for the cavity field.

has been very recently demonstrated in superconducting res-
onators [11] and in optical cavities [12]. Let us stress that
these e↵orts di↵er from usual studies on qubit networks [25],
despite the latter often require to release and catch photons
between cavities. In fact the former aim at converting the
field confined into a resonator – a continuous-variable sys-
tem – to a travelling field, whereas the latter try to exchange
information between confined two-dimensional systems (e.g.,
two-level atoms trapped in cavities with fixed Q-factor).
In this paper, we propose a general framework to achieve such
coherent control of a resonator Q-factor, by introducing a me-
diating bosonic mode that scatters coherently the cavity radi-
ation into an experimentally accessible, one-dimensional con-
tinuum of modes (waveguide for brevity). We quantify the
performance of our scheme in terms of a few e↵ective model
parameters, and discuss some possible implementations based
on the cavity-QED architecture. The complementary process
of ‘feeding’ an initially empty cavity through the waveguide
is also studied and shown to yield the same performance [26].
The basic model — The system under investigation is
sketched in Fig. 1. We consider a high-Q resonator (cavity
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Fĥ

ext

= â
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F ¼ γ
Z

∞

0
dtjðe−MtÞ1;2j2: (8)

We note the mapping between Eq. (7) and a beam splitter
[18] of transmittivity F, where f̂out and the inaccessible
mode ĥext are mixed. Since all field modes except âð0Þ
were initially in the vacuum, and the global evolution
conserves the total excitation number [15], it follows that at
the other output of this abstract beam splitter one must find
the vacuum. That is, the relation

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − F

p
f̂out þ

ffiffiffiffi
F

p
ĥext ¼

âvac must hold, with âvac a canonical bosonic mode in the
vacuum state. Therefore, by inverting these relationships,
one is finally able to express

f̂out ¼
ffiffiffiffi
F

p
âð0Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffi
1 − F

p
âvac: (9)

The explicit identification of the mode f̂out is a crucial
result since it provides by construction the traveling mode
that best retains the quantum information of the cavity field
âð0Þ. Clearly, the larger F is, the closer the output field f̂out
is to the initial cavity field. In addition, the Schrödinger
picture interpretation of Eq. (9) is straightforward: suppose
the cavity is prepared in the state ρ0 at time t ¼ 0; the mode
f̂out is then found in the state ρout ¼ eð1−FÞLρ0, where
Lρ ¼ 1

2 ð2âρâ
† − â†âρ − ρâ†âÞ. As an instructive example,

in [13] we apply these ideas to study the extraction of
squeezed light from a cavity. To summarize, we mapped the
opening of a high-Q cavity to a simple beam-splitter
evolution, or, equivalently, to an amplitude damping
channel. These are defined by a single parameter F, which
subsumes the details of the model, and qualifies as the
natural figure of merit of our scheme. Defining γtot ≡ γ þ
γext one finds [13]

F ¼
1 − γext

γtot

1þ κ
γtot

þ γtotκ
4g2 þ

κ2

4g2
: (10)

Notice that F is monotonically decreasing in κ, and for an
ideally closed cavity (κ ¼ 0) the Q switch approaches a
perfect extraction of the cavity field, provided γext ≪ γtot.
In other words, “the more a cavity is closed, the better it can
be opened.” More in detail, Eq. (10) illustrates the con-
straints that the system has to satisfy in order to obtain a
high figure of merit F ∼ 1. The conditions γext ≪ γ, κ ≪ γ,
and κ ≪ g trivially state that the decay rates into inacces-
sible modes should be small, as compared to the strength of
the desired interactions g, γ. A more specific condition can
be identified, which for convenience we write as
4g2=κγtot ≫ 1. Drawing an analogy with standard cavity
QED, this may be interpreted as the requirement of a large
cooperativity parameter for the cavity-scatterer system:
despite the constructive role of the emission rate γ, we are
still requiring the system to be in a form of strong coupling
regime. Quite remarkably, we find that a similar perfor-
mance may be obtained if the bosonic mediator is replaced

by a two level system whose excited state is only virtually
populated [13].
Two-mode implementations.—Several implementations

of our scheme can be envisaged, depending on the specific
physical system that constitutes the high-Q resonator. We
speculate here on two possible implementations based on
the interaction between an ensemble of atoms and two field
modes of different lifetime, as sketched in Fig. 2. As before,
â indicates the high-Q cavity mode, while â2 represents a
second field mode of the same frequency. We assume that
the decay of the latter is associated with emission into a
waveguide at rate η, plus some optical loss at rate ηext. As
shown in Fig. 2, the two fields may belong to different
cavities, or they could be two distinct modes of the same
cavity, e.g., with different polarization (in this case, the
mirror transmittivity has to be different for the two modes
to allow κ ≠ η).
Setting 1:We consider an ensemble of n two-level atoms

that are brought to resonance with modes â and â2 when the
high-Q mode needs to be extracted. When instead a closed
cavity is required, one can either apply a large detuning to
the atoms or remove them altogether. We take the atoms to
be initially in the ground state and identically coupled to the
cavity fields, such that the interaction picture Hamiltonian
reads

H1 ¼
Xn

k¼1

½λðσ̂þk âþ σ̂−k â
†Þ þ λ0ðσ̂þk â2 þ σ̂−k â

†
2Þ&; (11)

where σ̂þk ¼ ðσ̂−k Þ† ≡ jekihgkj and jeik, jgik are the excited
and ground states of the kth atom, whereas λ (λ0) denotes
the coupling between the atoms and the â (â2) field. We
assume here the Holstein-Primakoff regime, where n is
large enough, and the majority of atoms remain in the ground
state during the interaction (in particular, this is guaranteed
when the initial cavity excitation hâ†âi is smaller than the
total number of atoms n), such that a collective (approx-
imately) bosonic operator ĉ ¼ ð1=

ffiffiffi
n

p
Þ
Pn

k¼1 σ̂
−
k can be

introduced (with ½ĉ; ĉ†&≃ 1, see [20]). Denoting with Γ
the atomic decay rate into inaccessible modes, one has

FIG. 2 (color online). An atomic ensemble interacts with two
field modes of different lifetime. Left: The fields â, â2 belong to
two different cavities. The sketch is inspired by fiber-cavity
setups [19], where an optical fiber can provide both the wave-
guide and the transmissive mirror of the second cavity. Right: The
two modes belong to the same cavity, and are distinguished by
some relevant degree of freedom such as polarization. While
mode â is long lived, mode â2 is significantly transmitted through
one of the cavity mirrors.
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large n!
majority of atoms remains in GS (                       )hâ†âiinit < n
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