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Large single-atom cooperativity in quantum systems is important for quantum information processing.
Here, we propose to exponentially enhance the single-atom cooperativity parameter by exploiting the
strongly localized effect of modes in cavity quantum electrodynamics (QED) systems. By increasing the
wing width of a cavity with special geometry symmetry, the interference property allows us to
exponentially improve the quality factor Q without altering the mode volume V for cavities supporting
subwavelength light modes. This effectively overcomes the trade-off between Q and V in conventional
subwavelength Fabry-Pérot cavities. Consequently, we demonstrate the occurrence of ultralong vacuum
Rabi oscillations and the generation of strong photon blockade by enhancing the single-atom
cooperativity parameter. This Letter offers a promising approach for advancing coherent manipulation
and holds significant potential for applications in establishing longer-distance quantum communication
networks, enhancing the precision and stability of quantum sensors, and improving the efficiency of

quantum algorithms.
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Strong coherent light-matter interactions are pivotal for
applications ranging from quantum information process-
ing [1] to precise sensing [2]. These interactions, essential
for enhancing the efficiency of coherent manipulation,
have been a focus in cavity quantum electrodynamics
(QED) [3-12]. The single-atom cooperativity parameter
[defined as C = ¢*/(xy), with g representing the light-
matter coupling strength, x the decay rate of cavity field,
and y the atomic spontaneous emission rate] describes the
balance between coherent interactions and dissipative
processes within the cavity QED system, dictating the
feasibility and efficiency of quantum manipulations. The
value of Q/V, which relies on high finesse, is an important
index for evaluating a cavity’s performance in enhancing
the single-atom cooperativity parameter. A high Q/V ratio
is desirable in many applications, such as lasers [13,14]
and sensors [15]. Over the past decades, great efforts have
been made to reduce the mode volume V and improve the
quality factor Q of cavities to enhance single-atom
cooperativity in various systems, such as microscopic
Fabry-Pérot cavities [16,17], whispering-gallery-cavities
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[18,19], hybrid photonic-plasmonic cavities [20-26], and
photonic crystal cavities [27-29]. In nanocavity and
microcavity QED systems, large cooperativity parame-
ters—on the order of 10° or even higher—can be reached
due to advancements in technology that easily achieve
ultrahigh quality factors Q or ultrasmall mode volumes V
[30-32].

Rydberg atoms have recently gained significant attention
in quantum information processing due to their unique
properties [33,34], including strong dipole moments, long
lifetimes, and ease of manipulation. However, the large
radius of highly excited Rydberg atoms—often comparable
to or larger than the wavelength of visible light—poses
challenges for coupling with nanocavities and microcav-
ities. Macroscopic cavities, such as millimeter- or centi-
meter-scale cavities, are generally better suited to the size of
Rydberg atoms [35-38]. Nonetheless, most macroscopic
cavity QED systems struggle to achieve high cooperativity
parameters, as simultaneously attaining both high O and
small V in conventional large-scale cavities is difficult [39].
Although it is possible to achieve high Q and small V
through optimized designs such as photonic band gap
structures [40,41] and inverse design techniques [42,43],
they often come at the cost of increasing system complexity.

© 2025 American Physical Society
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Therefore, enhancing cooperative parameters in most large-
scale cavity systems remains a challenge due to the trade-off
between high Q and small V, but it is highly desirable for
establishing long-time coherent manipulation.

Here, we present an approach to achieve a large single-
atom cooperativity parameter and prolong light-matter
coherent interaction within a specially designed Fabry-
Pérot cavity, which is not constrained by the Q-V trade-off.
By engineering the geometry of the cavity, it becomes
possible to significantly localize the subwavelength light
modes while minimizing loss, thereby providing a platform
for achieving large single-atom cooperativity. Specifically,
by adding two wings to the Fabry-Pérot cavity and
increasing the wing width, we can achieve an exponential
enhancement of the quality factor Q for strongly localized
subwavelength modes without changing the mode volume
V. This overcomes the trade-off between high Q and small
V in conventional subwavelength Fabry-Pérot cavities,
leading to an exponential improvement in the Q/V ratio
and single-atom cooperativity parameter C in cavity QED
systems. This exponential improvement in C can be
achieved not only in idealized cavities but also in realistic
structures with experimentally realizable designs. Notably,
a large single-atom cooperativity parameter C can still be
obtained even in the presence of mirror dissipation. Our
results demonstrate that this cavity QED system enables
ultralong vacuum Rabi oscillations and a strong photon
blockade effect. The proposed structure provides a new
platform to overcome decoherence and prolong coherent
manipulation of photons, offering significant potential
application in quantum information processing.

Mode localization in the specially designed Fabry-Pérot
cavity—As depicted in Fig. 1, we consider a centimeter-
scale Fabry-Pérot cavity consisting of two reflected mirrors
with two additional wings, where the mirrors are shown by
the yellow curves. The maximum and minimum distances
between the reflected mirrors are L and h, respectively, d
represents the width of the wings, and [ is the width of
perfectly matched layers. The wing width d = 0 corre-
sponds to a standard symmetric confocal cavity. To inves-
tigate the properties of the cavity, we perform finite-element
simulations, carried out under the condition of a perfect
electrical conductor (PEC) and utilize a 2D axisymmetric
formulation. Figure 1 shows the electric field intensity
distributions of the modes with small longitudinal mode
orders, which are primarily confined to the central region of
the cavities rather than the wings. Distributions of more
modes are shown in Supplemental Material [44]. Increasing
the wing width d does not significantly alter the eigenvalues
of these modes, even for the longitudinal mode orders
k=1, 2, as evidenced by the eigenfrequency spectra in
Figs. 1(e) and 1(f). The corresponding eigenfrequencies are

o ~c[k+ (m+1)/2]/(2yL), where ¢ is the speed of
light in a vacuum, 7 is the vacuum refractive index, and
k(m) represents the longitudinal (transverse) mode order.
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FIG. 1. (a)—(d) Electric field intensity distributions of different

resonant modes for a specially designed Fabry-Pérot cavity with
wing width d = 0.2L, with corresponding resonant frequencies
indicated by the gray dots in (e),(f). (e),(f) Resonant frequencies
ol /2r of the cavity versus d/L for different m and k. The
geometric parameters of the cavities used here are L = 1 cm,
h=05L, and [ =04L. (a) w,/27x =21.6 GHz. (b) w,/2n =
29.5GHz. (¢) w,/2x =37.2GHz. (d) w,/2n =452 GHz.

Figure 2 shows the effects of the wing width d
on the quality factor Q and the mode volume V of the
cavity. Here V can be calculated from 1/V =Re{l/vy}
with vy = ((f|f.))/[e(r.)f2(r.)], where €(r) is the relative
permittivity, f.(r.) is the eigenfunction of cavity mode, and
r,. corresponds to the field maximum [46-48]. For very
large Q, the mode volume can be approximately reduced to
V = [, e(r)|E(r)]*/max[e(r)[E(r)|*]d’r [49,50], where
E(r) represents the electric field, and V is the quantization
volume of the electromagnetic field. The mode volume V
remains unchanged with increasing wing width d, as the
special geometry of the cavity enhances the electric field
intensities but hardly modifies the electric field distribu-
tions. However, as indicated by the asterisks in Figs. 2(a)
and 2(d), the quality factor Q improves almost exponen-
tially with increasing d for some subwavelength light
modes, where their wavelengths A ~ L and A*> ~ V. Thus,
an ultrahigh Q can be obtained in this subwavelength Fabry-
Pérot cavity. From Figs. 2(a), 2(b), and 2(d), 2(e), it is also
evident that the typical trade-off between high Q and
small V, which exists in some macroscopic Fabry-Pérot
cavity systems including the conventional subwavelength
Fabry-Pérot cavity [39] and plane-plane Fabry-Pérot cavity
[44], is overcome in this cavity. This enables the realization
of an ultrahigh figure of merit Q/V in the cavity. As shown
in Figs. 2(c) and 2(f), the Q/V ratio improves almost
exponentially with increasing d, and an ultrahigh Q/V can
be achieved by changing d. Achieving an ultrahigh Q/V is
fundamentally important for obtaining large single-atom
cooperativity in cavity QED systems. Here, we mainly
utilize a winged symmetric confocal cavity as an example to
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FIG.2. (a),(d) Quality factor Q, (b),(e) mode volume V, and (c),

() the ratio Q/V versus d/L for the Fabry-Pérot cavity in Fig. 1
with different m and k. Modes marked by asterisks indicate that
the Q increases drastically as d/L increases, which corresponds
to the subwavelength light. Other system parameters are the same
as in Fig. 1. (a),(b),(c) m = 0. (d),(e),(f) m = 1.

discuss the influence of adding two wings on the cavity
properties. In Supplemental Material [44], we show that a
mode in the winged microdome cavity still exhibits an
almost exponential increase in quality factor Q with an
increasing wing width, while its Q value remains lower than
that in the winged symmetric confocal Fabry-Pérot cavities
due to weaker field confinement in the dome region
and greater extension into the wings, leading to increased
geometric losses.

Enhanced single-atom cooperativity in the cavity QED
system—Now, we consider a Rydberg atom dipole coupled
to the cavity to investigate the cavity QED system, as shown
in Fig. 3(a). The atom has a transition frequency w, /27 =
45.2 GHz and a transverse atomic dipole transition rate
y/2m = 2.5 x 10° Hz. It is precisely placed at the location
of maximum electric field strength. The coupling rate g
between the atom and a high-Q cavity mode can be
approximately expressed as g = y+/V,/V [51,52], where
V, = 3¢ /(yw?) is the characteristic atomic interaction
volume. A more rigorous estimate of the local coupling
strength and Purcell enhancement based on the Green’s
dyadic is provided in Supplemental Material, where the
results are almost consistent with those from the approxi-
mation expression above [44]. Because ¢ « 1/+/V, the
coupling rate g remains almost unchanged with increasing
wing width d. However, the single-atom cooperativity
parameter C = ¢*/(ky) can be increased almost exponen-
tially with d, since k « 1/Q. This behavior is illustrated by
the black line in Fig. 3(d), where the cavity mirrors are
modeled as PEC that fully reflect the light field.

In realistic cavities, however, mirrors are never perfectly
reflective. We, therefore, consider the winged Fabry-Pérot
cavities with experimentally realizable structures, in which
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FIG. 3. (a) Schematic of the cavity QED system. (b),(c)
Special Fabry-Pérot cavities with ultrahigh reflectivity, where
the mirrors are constructed by stacking layers of high- and low-
refractive-index materials in different ways. (d),(e) Single-atom
cooperativity parameter C versus d/L for different refractive
indices n;, and absorption coefficients k;, of the high-index
materials. (f)—(h) Dependence of C on the mirror dissipation
rate Kpiqor for different d/L. The black and red lines correspond
to the cavity with a PEC and the cavity shown in (c), respectively;
the remaining lines correspond to the cavity shown in (b).
System parameters: (d) n; =12, k, =k; =0, (e) n;=1.2,
ny, = 6, k; = 0.0001, and other system parameters are the same
as in Fig. 1.

the mirrors are constructed by alternately stacking dielec-
tric materials with high and low refractive indices (RI), n,,
and ny, respectively, as shown in Figs. 3(b) and 3(c). The
thicknesses ¢, ; of the high- and low-RI layers are deter-
mined by n,t, = n;t; = A/4. These multilayer dielectric
mirrors can achieve ultrahigh reflectivity, with the reflec-
tivity improving as the contrast between n;, and n;, and as
more layers are added [53,54]. Figures 3(d) and 3(e) show
the cooperativity parameter C with d/L in such cavities.
Similar to the ideal case, increasing d leads to an
exponential enhancement in C, but up to a plateau.
Here, for simplicity, we focus exclusively on the cavity
mode with m = 1 and k = 2 (corresponding to the sub-
wavelength light). This plateau arises primarily from
imperfect mirror reflectivity. As the difference between
n; and n; increases, and the absorption coefficients k; and
k; of the high- and low-RI materials decrease, the onset of
the plateau shifts to larger d values, originating from the
improved mirror performance. In the idealized limit where
n, — n; becomes very large and absorption loss is negli-
gible, the plateau disappears entirely, and the trend of C
changing with d approaches that of the PEC-mirror case.
However, high-RI materials in the microwave regime often
suffer from significant dielectric losses due to intrinsic
absorption. We can, thus, consider materials such as
LaAlO;, BaTiO;, CaTiO;, or Fe-doped ceramics for the
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high refractive index layers, and polystyrene foam,
Polytetrafluoroethylene, Rohacell, or Airex for the low
refractive index layers [55-57]. For this cavity structure,
the cooperativity parameter C can reach a value around
4000 when d = 0.4L, even for parameters such as n;, = 6,
n; = 1.2 and k;, = 0.0003, k; = 0.0001. In Figs. 3(f)-3(h),
we show the effect of the dissipation rate of mirrors Kyiror
on C, which demonstrate that even with a large dissipation
rate Kpiror /2% = 1 MHz, a large single-atom cooperativity
parameter C exceeding 10° can be achieved in our cavity
QED system when d = 0.3L.

Ultralong vacuum Rabi oscillations and strong photon
blockade—Next, we demonstrate the realization of large
single-atom cooperativity in a cavity QED system, where
the cavity is constructed using the multilayer dielectric
mirrors discussed above, and we explore its applications
through vacuum Rabi oscillations and a single-photon
blockade. The Hamiltonian of the cavity QED system
under the rotating wave approximation is

H=w,a'a+w,0'c+gla'c+ac’), (1)

where a(a’) is the annihilation (creation) operator of the
cavity mode with resonant frequency w,, and ¢' (o) is the
raising (lowering) operator of the atom in the two-level
basis {|e), |g)}, with |e)(]g)) being the excited (ground)
state of the atom. Taking system dissipations into account,
the dynamics of the system can be described by the
quantum master equation [58—60],

5,7 = ~ilH.pl +«Llalp +yLolp, (2)
where L[o]p = (20po" — poTo — oTop)/2 is the Lindblad
superoperator, and p is the system’s density operator.
By numerically solving Eq. (2), we can obtain the
exact results of dynamical evolution of the dissipative
system Py, () = [{0. ely (1)) > and Py (1) = (1. gly ()],
as shown in Figs. 4(a) and 4(b). Compared to Figs. 4(a)
and 4(b), it is clear that the period of the vacuum Rabi
oscillations increases with increasing d. The weaker the
decay rate of the cavity, the longer the period of energy
exchange becomes, with d = 0 and d = 0.3L correspond-
ing to the cavity decay rate «/27 = 1.4 x 10° Hz
and /27 = 4.5 x 10° Hz, respectively. In the inset of
Fig. 4(a), we also show the decoherence time T, of the
dissipative cavity QED system, where T, represents the
time for the amplitude to decay to 1/e. The decoherence
time 7, improves almost exponentially with the wing
width d, until it reaches a plateau, consistent with the
behavior of the cooperativity shown in Fig. 3(e). These
results demonstrate that strong, effective coherent light-
matter coupling and large single-atom cooperativity in the
cavity QED system can be significantly enhanced by
changing the wing width of the winged Fabry-Pérot cavity.
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FIG. 4. (a),(b) Population dynamics of the system states,
Py, = [(0, el (1))[* and Py, = [(1, glw(2))|?, for different d/L
in the absence of driving. Inset: the decoherence time 7', versus
d/L, where T, represents the time for the amplitude to decay to
1/e. (c),(d) Zero-time delay second-order photon correlations

g (0) (blue lines) and mean photon numbers 7, (red lines)
versus A/y for different d/L in the presence of driving.
The cavity chosen here corresponds to Fig. 3(b) and the mode
with m =1 and k=2. System parameters used here are
w,/27n = w,/2n = 45.2 GHz, y/27 = 2.5 x 10° Hz, Q = 12y,
n, =6, n; = 1.2, k;, = 0.0003, and k; = 0.0001.

The enhanced effective light-matter coupling and large
single-atom cooperativity offer significant potential appli-
cations for single-photon [61] and few-photon manipula-
tion [62,63]. For instance, the single-photon blockade
effect occurs when the system exhibits effective strong
nonlinearity in a cavity QED system [61]. Here, single-
photon blockade means that the presence of a single
photon in a cavity can block the excitation of other
photons due to the strong effective nonlinearity, serving
as one of the mechanisms to realize a single-photon source
[64]. Single-photon blockade can be quantitatively char-
acterized by the zero-time delay second-order photon
correlation function ¢ (0) = (afa’aa)/(a’a)* [65],
where the condition ¢ (0) — 0 indicates a relatively
strong single-photon blockade. The smaller the correlation
¢?(0), the stronger the single-photon blockade effect,
implying a higher purity of the single photon in the
cavity. The effective nonlinearity strength of the dissipa-
tive cavity QED system can be defined as N = a/p,
with @ = \/(k —y)? = 16l¢g? and f = (2] — 1)k + y, which
is derived from the effective eigenfrequencies of the / th-
fold JC ladder o’ = lw, —if}/4 £+ ia/4, by calculating
the effective Hamiltonian of the dissipative system H .y =
(w,—ix/2)a’a+ (w,—iy/2)o'c+g(a’c+ac’) [66,67].

Considering the cavity is driven by a laser with fre-
quency @, and amplitude €, then the total system
Hamiltonian is H, = H + Q(a'e™™¢ + ge'®). In the
frame rotating at the frequency w,, the total Hamiltonian
becomes
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H,= Ad'a+ Ac'o + g(a'o + ac’) + Q(a’ + a), where
A =w,-w; =0, — w,; represents the detunings of the
cavity (and atom) frequency with respect to the laser
driving. We calculate the exact numerical results of the
photon statistics of the system in the steady state (r — oo)
through solving Eq. (2) [68], with the results shown in
Figs. 4(c) and 4(d). In Fig. 4(c) with d = 0, the correlation
function has a small value of ¢ (0)~0.5, but the
corresponding mean photon number is also very low, with
n, ~0.002. Increasing the wing width to d = 0.3L,
as shown in Fig. 4(d), the photon blockade effect
with ¢(»(0) ~0.1 and n,~0.017 occurs at a detuning
A/y ~ £832. This is because the increase of d reduces the
cavity decay rate x and enhances the effective nonlinearity
N ¢ of the dissipative system. These results demonstrate
that increasing the wing width d can simultaneously reduce
the correlation ¢(®) (0) and improve the mean photon
number n, of the steady state. The enhanced purity and
brightness of single photons in the system hold promise for
the generation of an ideal single-photon source [64].
Conclusions—In summary, we have proposed a method
to exponentially enhance single-atom cooperativity in a
cavity QED system. Because of the strongly localized
effect of cavity modes with subwavelength light, increasing
the width of the two wings of the cavity does not change the
mode volume V but exponentially improves the quality
factor Q of the cavity modes at small longitudinal mode
orders with subwavelength light. This breakthrough over-
comes the trade-off between high Q and small V, allowing
for an exponentially enhancement of the single-atom
cooperativity parameter with increasing the wing width.
The cavity QED system, consisting of a cavity coupled to
an atom, enables the occurrence of ultralong vacuum Rabi
oscillation and strong single-photon blockade. Such
advanced coherent manipulation could significantly
enhance the computational power and accuracy of quantum
computers [69] by stabilizing qubits and increasing the
efficiency of quantum algorithms. Furthermore, it may aid
in establishing longer-distance quantum communication
networks by enhancing the security and reach of informa-
tion transmission [70,71], improve the precision and
stability of quantum sensors, and enable high-quality
quantum imaging even under low-light conditions [72,73].
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