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For a standard two-level atom coupled to the quantized field of a resonant cavity, finite temperature effects
lead to thermal occupation of the cavity modes that obfuscates measurement of the quantum nature of the
atom-light interaction. In this paper we demonstrate that using a hybrid system of a superconducting cavity
coupled to a multi-level Rydberg atom it is possible to observe the quantum nature of strong coupling even at
finite temperatures, and to exploit this coupling to permit cooling of the thermal microwave mode towards the
ground-state, enabling observation of coherent vacuum Rabi oscillations even at 4 K for realistic experimental
parameters. Cooling for multiple atoms is also explored, showing maximal cooling for small samples, making
this a viable approach to cavity cooling with potential applications in long-range coupling of superconducting
qubits via thermal waveguides.

PACS numbers: 42.50.Pq, 37.30.+i,32.80.Rm, 84.40.Dc

Cavity quantum electrodynamics (QED) [1] reveals the
quantum nature of the interaction between a harmonic oscil-
lator and a two-level quantum system, resulting in a discrete
level splitting and coherent transfer of excitation between the
quantized field mode and the qubit. Strong coupling has been
reported in a diverse range of physical systems including op-
tical [2], microwave [3] and mechanical [4, 5] oscillators cou-
pled to atoms, spins and more recently artificial supercon-
ducting qubits [6], through observation of vacuum Rabi oscil-
lations. Superconducting qubits are excellent candidates for
scalable quantum information processing [7–9], offering fast
gate times [10, 11] with state-of-the-art experiments already
satisfying the required fault-tolerant thresholds [9, 10].

Superconducting circuits are also ideal for realizing hy-
brid technologies [12–14], permitting integration with micro-
mechanical resonators for ground-state cooling [15, 16] and
opto-mechanical conversion of single photons from the opti-
cal to microwave domain [17, 18] as well as coupling to solid
state [19, 20] or atomic qubits [21–23] for quantum memories.
Highly excited Rydberg states provide an attractive candidate
for this purpose, where the large electric dipole moment offers
single atom strong coupling which can be used for quantum
gates [24, 25], long-distance entanglement of atomic ensem-
bles via microwave coupling [26, 27] and high speed optical
to microwave conversion rates [28, 29].

For low frequency mechanical and microwave oscillators
finite temperature effects are significant due to thermal oc-
cupation of the cavity mode. This results in a transition in
the cavity transmission spectrum from the characteristic vac-
uum Rabi splitting to that of an empty cavity, preventing ob-
servation of the quantum nature of the atom-light interaction
[30, 31]. Direct observation of vacuum splitting can be re-
covered by cooling the system to mK temperatures inside a
dilution refrigerator. If however the ideal two-level system is
replaced by a multi-level qubit, such as an atom with highly
excited Rydberg levels, it is possible to overcome these limi-
tations to achieve ground-state cooling of mechanical oscilla-
tors [32] to enable robust manipulation of quantum states even
at finite temperature [27]. Previous work has also demon-

FIG. 1. (Color online). Hybrid Atom-Cavity Scheme (a) Atom
strongly coupled to a superconducting microwave coplanar waveg-
uide resonator (CPW) (b) Lambda level scheme (Λ) (c) Ladder level
scheme (Ξ) (d) Cavity cooling scheme.

strated cavity cooling using flying qubits from an atomic beam
traversing a microwave cavity mode [33–35] and proposed
cooling via spontaneous emission using a stationary ensem-
ble of ∼ 103 Rydberg atoms [36].

In this Letter we show that whilst finite temperature effects
prevent observation of the coherent cavity dynamics such as
vacuum Rabi oscillations, it is possible to recover the char-
acteristic vacuum splitting expected for a cavity QED system
through the use of multi-level Rydberg atoms. We observe
vacuum Rabi splitting at temperatures as high as 4 K, essen-
tial for implementing robust long-distance entanglement [27].
In this regime we explore the feasibility of active cavity cool-
ing using a single atom, going beyond asymptotic scaling laws
used in earlier studies [36]. We perform a full simulation
of the atom-cavity master equation and consider the case of
coupling the Rydberg state to a rapidly decaying intermedi-
ate level to increase dissipation. In contrast to the predictions
of [36], our cooling scheme results in a non-thermal steady-
state cavity mode, with an enhanced population of the vac-
uum state combined with increased population of high-lying
states. For experimentally accessible parameters it is not pos-
sible to cool to the absolute ground-state of the cavity mode.
However, we demonstrate that active cooling using a single
Rydberg atom is sufficient to observe atom-cavity dynamics
without pre-cooling to sub K temperatures typically required
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for circuit QED. This cooling scheme can be utilized to aid
implementation of long-distance microwave communication
to couple distant qubits via thermal waveguides by cooling
the intermediate resonators [37, 38], or for demonstration of
hybrid quantum computing.

The hybrid atom-cavity system is illustrated in Fig. 1(a).
We consider a highly excited Rydberg atom strongly cou-
pled to a superconducting microwave coplanar waveguide res-
onator (CPW) using the large electric dipole moment between
nearby Rydberg states. For an atom initially in the ground
state |g〉, population is transferred to a state coupled to the
microwave cavity. We consider two schemes, a lambda (Λ)-
scheme using a two-photon excitation to couple |g〉 to an |s〉
state (shown in Fig. 1(b)) and a ladder (Ξ) configuration us-
ing a single-photon UV transition to couple |g〉 to a |p〉 state
(shown in Fig. 1(c)).

Applying the rotating wave approximation for both the cav-
ity and the two-photon transitions, the Hamiltonian associated
with each configuration is given by

Ĥx = Ĥc + Ĥ x
a + Ĥ x

Ω + ĤJC, (1)

where x = Λ or Ξ, Ĥc = ~ωc(â
†â + 1/2) is the energy

operator for the microwave cavity mode with frequency ωc

and â (â†) are the photon creation (annihilation) operators.
The unperturbed atomic energy level operator is equal to

Ĥ Λ
a = −~(∆Λ + ωa)|p〉〈p| − ~∆Λ|s〉〈s|, (2a)

Ĥ Ξ
a = −~∆Ξ|p〉〈p| − ~(∆Ξ − ωa)|s〉〈s|, (2b)

where we assume the cavity is resonant with the atomic tran-
sition frequency, ωc = ωa = ωs − ωp, and ∆Λ,Ξ = ω −
(ωs,p−ωg) is the detuning from |g〉 to the respective Rydberg
state for the chosen excitation scheme. The operator for the
semi-classical coupling from |g〉 to the Rydberg state is

Ĥ Λ
Ω = ~Ω/2(|s〉〈g|+ |g〉〈s|), (3a)

Ĥ Ξ
Ω = ~Ω/2(|p〉〈g|+ |g〉〈p|), (3b)

where Ω is the Rabi frequency. Finally, the atom-cavity cou-
pling is given by the Jaynes-Cummings operator, ĤJC =
~g(â|s〉〈p| + â†|p〉〈s|), with vacuum Rabi frequency g =
Ed/~, dependent upon the cavity electric field at the atom E .
For both configurations, |s〉 represents the excited state in the
coherent atom-cavity coupling.

The strong coupling of the atom-cavity system results the
in the formation of dressed eigenstates |±, n〉 = |p, n〉 ±
|s, n− 1〉 split by energy ±

√
ng where n is the number of

excitations within the cavity mode. Observation of coherent
dynamics requires that the cavity coupling dominates over ef-
fects of spontaneous decay from the atomic levels Γs,p and
decay rate of photons from the cavity mode κ, meaning the
cooperativity C = g2/κΓs,p > 1.

Thermal loading of the cavity mode leads to a thermal bath
with mean photon number n̄th = [exp(~ωc/kBT )−1]−1 that

incoherently drives excitations over a range of |±, n〉with dif-
ferent Rabi frequencies. This dissipative process can be char-
acterized by the Lindblad operator for the cavity field as

Lc =(1 + n̄th)κ(âρâ† − â†âρ/2− ρâ†â/2)

+ n̄thκ(â†ρâ− ââ†ρ/2− ρââ†/2),
(4)

which describes the addition or removal of photons from the
cavity as a result of the thermal environment. Additional
Lindblad terms to account for spontaneous decay of the Ry-
dberg states at rates Γi are given by Li =

√
Γi|g〉〈i| for

i = s, p. The decay rate of photons from the cavity resonator
is determined by the quality factor Q as κ = ωc/Q.

For a 5 GHz resonator at T = 4 K, the thermal occupa-
tion of n̄th ∼ 16 precludes observation of strong coupling. A
compromise can be made by increasing the cavity resonance
frequency to ωc/2π = 15 GHz to decrease n̄th ∼ 5 photons
by using Rydberg states with lower principal quantum num-
bers. Use of lower lying Rydberg states results in reduced
dipole moments and shorter lifetimes, but can still reach the
single atom strong coupling regime. In this work we con-
sider the transition from |s〉 = |65S1/2,mj = 1/2〉 → |p〉 =
|64P3/2,mj = 1/2〉 in Cs at ωa/2π = 15 GHz, with a dipole
matrix element d ∼

√
2/9× 3993 ea0 [39] and lifetimes τs,p

of 289 and 689 µs, respectively [40]. The coupling strength is
dependent upon the RMS voltage V rms

0 =
√
~ωc/2C where

C is the total capacitance of the resonator [41]. For opti-
mized resonators, the fundamental mode of a λ/2 resonator
is V rms

0 ∼ 6 µV at 15 GHz, corresponding to an RMS elec-
tric field amplitude E0 = 0.2 V/m [42] resulting in a coupling
strength of g/2π ∼ 4 MHz.

We further consider the experimentally attainable Q factors
for the case of finite temperature CPW resonators. At temper-
atures below 100 mK, CPWs can achieve Q & 106 [43], how-
ever at elevated temperatures resonator losses are dominated
by thermal quasiparticles, leading to a significant reduction in
resonator quality factor. One approach to suppressing losses
is to engineer the CPW geometry, Ref. [42] demonstrates a
Q & 3 × 104 for a 5 GHz Nb resonator at 4.2 K through
suppression of kinetic inductance. To recover Q at higher fre-
quencies, it is necessary to utilise materials with higher crit-
ical temperatures such as NbN with Tc = 16 K [44]. For
a 15 GHz resonator using a 500 nm NbN film thickness we
estimate a theoretical Q ∼ 105.

To demonstrate the impact of finite temperature effects we
solve the master equation for the evolution of the system for a
pulse of duration τ = π/Ω applied to an atom initially in state
|g〉 for Ω = 0.5g as a function of temperature and detuning.
Numerical simulations were performed in QuTiP [45] using
the parameters above with Q = 105. Results in Fig. 2, show
state transfer out of |g〉 as a function of frequency. For the Ξ-
system in Fig. 2(a) there is initially no signature of the atom-
cavity coupling as the atom is excited to state |p, 0〉 which
does not undergo vacuum Rabi oscillations. As the temper-
ature increases, the thermal loading of the resonator can be
observed leading to broad normal-mode splitting either side
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FIG. 2. (Color online). Ground state transfer as a function of ∆ and
T for (a) Ξ- and (b) Λ-systems after a pulse duration τ = π/Ω for
g/2π = 4 MHz, Ω = 0.5g and Q = 105.
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FIG. 3. (Color online). Ground state transfer as a function of Q for
(a) Ξ and (b) Λ-system for g/2π = 4 MHz, Ω = 0.5g and T = 4 K.

of the central resonant feature. For the Λ-system, at 0 K two
high contrast peaks at ∆ = ±g arise from excitation of the
|±, 1〉 state. At increasing temperatures the peaks broaden and
reduce in amplitude due to the occupation of thermal modes
with a splitting of±

√
ng. This leads to a drop in both contrast

and resolution when performing spectroscopy at T > 0, and
shows that whilst finite temperature effects enable signatures
of strong coupling in the Ξ-system that were not previously
visible, the Λ-system offers superior contrast for characteriz-
ing the atom-cavity coupling.

The requirement to achieve strong coupling further re-
stricts the cavity parameters. As the Rydberg state linewidths
Γs,p � g, the cooperativity C > 1 for a wide range of cav-
ity Q. A better figure of merit is consideration of the average
number of Rabi oscillations nRabi = 2g/(Γ + κ) ∼ 2g/κ
requiring κ < g for nRabi > 1. This limit is demonstrated
in Fig. 3 which shows the results of the same spectroscopic
measurement at 4 K for varying cavityQ factors, further high-
lighting the resilience of the Λ-system for performing exper-
iments at finite temperature where normal mode splitting can
be observed for Q > 103 although for the Ξ-system even at
Q = 104 the splitting is poorly resolved.

Whilst these results identify experimentally viable parame-
ters in which it is possible to demonstrate strong-coupling for
a finite temperature system, we can further exploit the multi-
level nature of our atomic qubit to implement active cavity
cooling by combining our two excitation pathways using the
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FIG. 4. (Color online). Cavity cooling (a) Temporal evolution for
cooling scheme in Fig. 1(d) using Ω = Ω′ = 2π×10 MHz, g/2π =
4 MHz, Q = 105, T = 4 K (b) Steady state solution vs thermal field
distribution (c) Steady-state effective temperature Teff as a function
of g and Ω′ = Ω (d) Teff as a function of Q and T .

level scheme illustrated in Fig. 1(d). Previous work consid-
ered the effect of cooling directly via spontaneous emission
from the Rydberg state alone using a simple rate equation
model [36]. Here we explicitly model the full system evolu-
tion where the Rydberg state is coupled to a low-lying excited
state |e〉 with a decay linewidth Γe � Γs,p to enhance the
spontaneous emission rate. In this system cooling is achieved
by continuously driving from |g, n〉 → |p, n〉, where the atom
can absorb a photon from the cavity to reach state |s, n− 1〉
which is then coupled to |e, n− 1〉 by an additional driving
laser with Rabi frequency Ω′. This enables rapid dissipa-
tion via spontaneous emission to reach |g, n− 1〉, reducing
the thermal occupation in the cavity.

The Hamiltonian for the four-level cooling system is given
by

Ĥcool = ĤΞ−~(∆−∆′−ωa)|e〉〈e|+~Ω′/2(|e〉〈s|+|s〉〈e|),
(5)

where ∆′ = ω′ − (ωs − ωe) is the detuning of the laser
coupling |e〉 → |s〉, and we explicitly consider the case
|e〉 = 6P3/2 with Γe/2π = 5.2 MHz which gives rise to the
additional Lindblad operator Le =

√
Γe|g〉〈e|.

We model the cavity evolution for the case of resonant ex-
citation with ∆ = ∆′ = 0, Ω = Ω′ = 2π× 10 MHz and Q =
105 for a cavity at T = 4 K, with results in Fig. 4(a) showing
rapid reduction of the average photon number to a steady-state
value of 〈n〉SS = 1.65 within a few µs and increased occupa-
tion of the cavity vacuum state 〈Pvac〉 = Tr(|0〉〈0|ρ). Follow-
ing from Bariani et al. [32] we define an effective temperature
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FIG. 5. (Color online). Cavity cooling optimization for g/2π =
4 MHz, Q = 105 and T = 4 K (a) Optimal cooling gives Ω/2π =
14.5 MHz, Ω′/2π = 17.6 MHz for ∆ = ∆′ = 0 (b) Effective
temperature as a function of cavity detuning ∆c and ∆ for ∆′ = 0
showing maximum cooling efficiency occurs for ∆ = ∆c = 0.

from the steady-state vacuum mode 〈Pvac〉SS equal to

Teff = − ~ωc

kB log (1− 〈Pvac〉SS)
, (6)

resulting in a steady-state temperature of Teff ∼ 1 K for the
parameters considered. The expression for Teff given here
provides a metric to quantify the system temperature since
cavity cooling results in a steady-state field which is not well
described as a thermal distribution. This is highlighted in
Fig. 4(b) where we compare the steady-state cavity field to a
thermal field with the same mean photon number. This reveals
that whilst cavity cooling enhances the ground-state fraction ,
it leaves a residual occupation in high lying states with n & 5
which are split by

√
ng > Ω and thus are outside the linewidth

of the excitation, giving an extended tail to the photon num-
ber distribution and preventing cooling to the ground-state of
the cavity mode. This observation implies cooling should be
enhanced by increasing Ω to address higher photon states, as
verified in Fig. 4(c) which plots the steady-state Teff as a func-
tion of g and Ω.

In Fig. 4(d), we present Teff as a function of cavity Q and
temperature for Ω = Ω′ = 2π× 10 MHz. This shows that for
a system at 4 K, the minimum cavity quality factor required
for effective cooling to T < 1 K is Q ≥ 105, placing a tighter
constraint on the required cavity Q than is needed to observe
signatures of strong-coupling.

We perform a further optimization of the cooling parame-
ters for the case of T = 4 K to minimize Teff as shown in
Fig. 5. This yields Ω/2π = 14.5 MHz, Ω′/2π = 17.6 MHz,
with a mean photon number of 〈n〉SS = 1.14 and Teff =
0.87 K. Contrary to the expectation based on the proposal in
Ref. [36] for cooling via spontaneous decay of the Rydberg
state, we obtained no improvement in cavity cooling when
operating at a non-zero ∆ or ∆c as shown in Fig. 5(b).

The proposed cooling scheme thus provides a route to sup-
pressed thermal occupation even for an initial temperature of
T = 4 K, which in turn should improve the coherence time
for the atom-cavity interaction due to suppression of thermal
driving via the cavity mode. To demonstrate this effect, we
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FIG. 6. (Color online). (a) Vacuum Rabi oscillation of state |s〉 and
(b) Ground state transfer for the Λ-system for a cavity at 0 K, 4 K,
and 4 K after active cooling to Teff = 0.87 K.

model the evolution of an atom initially prepared in state |s〉
for a cavity at 0 K, 4 K and for our 4 K cavity cooled to the
steady-state using the optimized parameters above. Fig. 6(a)
shows the resulting vacuum Rabi oscillations, with high con-
trast fringes observed for T = 0 K, but strongly damped
evolution with no discernible Rabi frequency in the case of
a thermal cavity mode. For the pre-cooled cavity however,
we recover a coherent Rabi oscillation around the expected
frequency with a damping time τ � 1/κ due to the residual
occupation of higher order photon modes. We further demon-
strate the enhancement in characterizing the atom-cavity in-
teraction by repeating the spectroscopy for the Λ-system de-
scribed above for the case of the cooled cavity. Fig. 6(b) re-
veals this cooling significantly improves both the contrast and
the linewidth of the resulting normal-mode splitting, greatly
increasing the visibility of the feature of interest.

Currently the cavity cooling is limited by finite g and Γe,
which act as a bottleneck in the cooling cycle. One approach
to improving the cooling efficiency is to add more atoms to
increase the rate at which thermal photons are absorbed. To
model this scenario, we consider NA atoms coupled simul-
taneously with the same cavity field and neglect both collec-
tive spontaneous emission and Rydberg dipole-dipole interac-
tions under the assumption that the atomic spacing R � λeg ,
such that atoms act independently of each other. This could
be achieved using a dilute cloud of atoms [23] or using sin-
gle atoms trapped in optical tweezers [46]. The results of the
multi-atom cavity cooling model are shown in Fig. 7 for the
optimized parameters using a cavity at an initial temperature
of (a) T = 1 K and (b) 4 K. We fit the effective temperature
as a function of atom number with phenomenological expo-
nentially decaying function Teff = T∞eff + α exp (−NA/Nc)
giving parameters T∞eff = 0.22(0.43) K, α = 0.20(1.56) K
and Nc = 0.81(0.89) for T = 1(4) K respectively. At 1 K the
enhancement associated with the multi-atom cooling scheme
is marginal due to the cooling already operating in an effi-
cient regime for a single atom, but for 4 K the enhancement
is significant such that for NA ∼ 5 atoms the fit predicts
Teff = 430 mK. In both cases, the improvement in the ground-
state occupation saturates with relatively few atoms making
implementation feasible in an experimental platform without
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FIG. 7. (Color online). Steady-state effective temperature from ac-
tive cavity cooling vs atom number for an initial cavity temperature
of (a) T = 1 K and (b) T = 4 K.

requiring large atomic ensembles.
In conclusion, we have investigated finite temperature ef-

fects in a hybrid atom-cavity system, where we identify exper-
imentally realizable parameters for coupling a |s = 65S〉 ↔
|p = 64P 〉 Rydberg state to a 15 GHz superconducting copla-
nar microwave resonator. Our results show the impact of ther-
mal excitations in suppressing the observable signatures of
strong coupling due to broadening of the atomic resonances,
and we determine a quality factor of Q ≥ 104 is required to
recover a resolvable normal-mode splitting at 4 K. Further-
more, we demonstrate that for Q ≥ 105 active-cooling of
the microwave mode is feasible by coupling the excited Ry-
dberg level to a rapidly decaying intermediate state, achiev-
ing cooling to effective temperatures from 4 K to below 1 K
for a single atom and 430 mK for NA ∼ 5 atoms. For a
lower initial temperature the cooling cycle is more efficient,
providing access to sub-K effective field temperatures with-
out use of a dilution refrigerator and significantly increasing
the visibility and coherence of quantized atom-light interac-
tions. Whilst the required Q ≥ 105 at 15 GHz is challenging
at 4 K, combining high-Tc superconducting films with geo-
metric engineering to suppress quasi-particle losses [42] mean
this should be experimentally feasible. These results show
that hybrid systems offer a viable route to both realization of
strong-coupling and active cooling even at finite temperatures,
essential for implementing long-distance entanglement using
the microwave cavity mode [27].
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sions. This work is supported by the EPSRC (Grant No.
EP/N003527/1) and and through the EPSRC Centre for Doc-
toral Training in Delivering Quantum Technologies (Grant
No. EP/P510270/1). The data presented in the paper are avail-
able here [47].
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A. Dréau, J.-F. Roch, I. Diniz, A. Auffeves, D. Vion, D. Esteve,
and P. Bertet, Hybrid Quantum Circuit with a Superconduct-
ing Qubit Coupled to a Spin Ensemble, Phys. Rev. Lett. 107,

mailto:jonathan.pritchard@strath.ac.uk
https://doi.org/10.1103/PhysRevLett.68.1132
https://doi.org/10.1103/PhysRevLett.68.1132
https://doi.org/10.1209/0295-5075/17/1/007
https://doi.org/https://doi.org/10.1016/j.physrep.2011.12.004
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1038/nature02851
https://doi.org/10.1038/nature07128
https://doi.org/10.1126/science.1231930
https://doi.org/10.1126/science.1231930
https://doi.org/10.1103/PhysRevA.86.032324
https://doi.org/10.1038/nature13171
https://doi.org/10.1038/nature13171
https://doi.org/10.1103/PhysRevA.90.022307
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1073/pnas.1419326112
https://doi.org/10.1063/5.0057740
https://doi.org/10.1063/5.0057740
https://doi.org/10.1038/nature08967
https://doi.org/10.1038/nature08967
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/NPHYS2911
https://doi.org/10.1038/NPHYS2911
https://doi.org/10.1002/andp.201400116
https://doi.org/10.1002/andp.201400116
https://doi.org/10.1103/PhysRevLett.107.060502
https://doi.org/10.1103/PhysRevLett.107.060502
https://doi.org/10.1103/PhysRevLett.107.220501


6

220501 (2011).
[21] H. Hatterman, D. Bothner, L. L. Y., B. Ferdinand, D. S. L.

Wiedmair, K. R., K. D., and J. Fortágh, Coupling ultracold
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