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Superconducting resonator and Rydberg atom hybrid system
in the strong coupling regime
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We propose a promising hybrid quantum system, where a highly excited atom strongly interacts with a
superconducting LC oscillator via the electric field of capacitor. An external electrostatic field is applied to tune
the energy spectrum of the atom. The atomic qubit is implemented by two eigenstates near an avoided-level
crossing in the dc Stark map of a Rydberg atom. Varying the electrostatic field brings the atomic-qubit transition
on or off resonance with respect to the microwave resonator, leading to a strong atom-resonator coupling with an
extremely large cooperativity. Like the nonlinearity induced by Josephson junctions in superconducting circuits,
the large atom-resonator interface disturbs the harmonic potential of the resonator, resulting in an artificial
two-level particle. Different universal two-qubit logic gates can also be performed on our hybrid system within
the space where an atomic qubit couples to a single photon with an interaction strength much larger than any
relaxation rates, opening the door to the cavity-mediated state transmission.
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I. INTRODUCTION

Superconducting (SC) circuits and neutral atoms define
coherent systems of key importance in quantum technology.
Besides the features of flexibility, tunability, and scalability,
SC devices manipulate quantum states rapidly owing to the
strong coupling to external fields. Nevertheless, this sensitivity
of SC circuits leads to short decoherence times caused by
environmental noise [1]. In contrast, atoms can maintain the
quantum coherence exceeding one second [2], but processing
quantum information as fast as SC devices is impractical.

Hybridizing SC circuits and atoms bears great potential to
overcome the bottlenecks of the above quantum technologies
[3–7]. In this context, one competitive candidate is the SC
resonator-atom system, where a coherent microwave photon
strongly drives an atomic transition between two long-lived
states [8,9]. The SC resonators, such as a coplanar waveguide
(CPW) cavity and an LC resonator, can maintain the quantum
coherence of microwave photons of the order of 1 μs–1 ms
[10]. The strong hybrid coupling requires the microscopic
particles to possess large dipole moments and long-lifetime
qubit states, for which atoms in highly excited Rydberg states
are usually employed as intermediate qubits to interact with the
resonator [11]. After gate operations, the quantum information
encoded in Rydberg states can be mapped onto two hyperfine
ground states for long-time storage [12]. Moreover, the energy
spectrum of highly excited states can be controlled by the
external electrostatic field, making the hybrid system more
tunable.

*rdumke@ntu.edu.sg

In analogy with the SC qubits [13] relying on Josephson
junctions (JJs), the anharmonicity coming from the atom-
resonator interface distorts the harmonic oscillators inside the
cavity, resulting in the dressed-state qubit [14]. Currently, the
decoherence times of SC qubits are strongly limited by the
1/f charge noise in JJs, although some have been improved
to tens of μs [15,16]. Replacing JJs by atoms, as proposed in
this work, would be an option to maintain the coherence of SC
circuits for a long time.

The Fabry–Pérot (FP) resonator-Rydberg atom system
has been widely employed to explore the fundamentals of
quantum optics [17–25]. Recently, relevant research has been
extended to the SC artificial atoms strongly coupling to a SC
resonator, i.e., circuit QED [26,27]. In comparison with the
common FP cavity, the extremely small cavity-mode volume
of SC resonator results in a large internal electric vacuum
field and may lead to a strong SC resonator-Rydberg atom
interaction.

In this paper, we propose a promising hybrid system,
where a highly excited Rydberg atom strongly interacts with
a SC microwave LC resonator. Referring to an avoided-level
crossing in the dc Stark spectroscopy of the Rydberg atom,
the atomic-qubit transition can be tuned on or off resonance
to the LC resonator by using an external electrostatic field.
As we shall see, the resonant atom-cavity interaction breaks
the harmonicity of the LC oscillator, leading to an artificial
two-level particle without JJs. Moreover, different universal
two-qubit logic gates can be implemented on this hybrid
system, where an atomic qubit couples to a single photon with
an interaction strength much larger than any relaxation rates
and an extremely large cooperativity, showing the potential of
the cavity-mediated state transmission
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FIG. 1. (a) A 87Rb atom interacts with an LC oscillator. The
capacitor C is composed of a pair of equal-sized conducting spheres
with a radius of 0.3 μm and an intercenter distance of 3.1 μm along
the z axis, resulting in C = 20 aF. The inductance is chosen to be
L = 24.8 μH, leading to the oscillation frequency ω0 = 2π × 7.1
GHz. The 87Rb atom is placed at the halfway point (the origin of
the coordinates) between two spheres and couples to the quantized
electric field (the amplitude Eo) of capacitor. A pair of parallel plates
(in the x-y plane) with an imposed voltage difference of U is applied
to generate an electrostatic-field bias Es at the position of atom,
inducing the dc Stark shifts of atomic states. Distributions of Eo

and an example of Es around the position of atom in the x-z plane are
shown in panels (b) and (c), respectively.

II. PHYSICAL MODEL

We consider a SC microwave resonator, where an inductor
L = 24.8 μH connects to a capacitor C = 20 aF consisting
of two identical conducting spheres with a radius of 0.3 μm
and a center-to-center distance of 3.1 μm in the z direction
[Fig. 1(a)]. The Hamiltonian of the LC resonator is given
by HLC = �ω0(a†a + 1/2) with the oscillation frequency
ω0 = 1/

√
LC = 2π × 7.1 GHz. a† and a are the raising and

lowering operators with the commutation relation [a,a†] = 1.
According to the capacitor charge Q = i

√
C�ω0/2(a† − a)

[28], the quantized electric field of the capacitor has the form
Eo = eoiEo(a† − a)/2, where the unit vector eo represents the
field direction and the amplitude Eo can be numerically derived
by using Coulomb’s law.

A highly excited 87Rb atom placed at the midpoint of the
capacitor couples to the LC resonator via the electric field
Eo of the capacitor [Fig. 1(a)]. In the dipole approximation,
the atom-resonator interaction is given by Vo = −D · Eo,
where D is the atomic dipole-moment vector. Additionally,
an external electrostatic field Es = esEs , generated by an extra
parallel-plate (in the x-y plane) capacitor with an imposed
voltage difference U , is applied to tune the energy spectrum
of the Rydberg atom. The corresponding atom-field coupling
is written as Vs = −D · Es .

The numerical result for the amplitude Eo is shown in
Fig. 1(b). At the position of atom, eo is along the z axis
and Eo = 2.0 V/cm. Figure 1(c), as an example, displays
the distribution of the electrostatic field generated by the
parallel-plate capacitor with es along the z direction and Es =

FIG. 2. Atomic qubit. (a) dc Stark map in the electrostatic field
Es with the z component of total angular momentum m = 5

2 . The
detailed energy spectrum surrounded by the rectangle frame is shown
in panel (b), where an avoided crossing with an energy separation
� = 2π × 3.2 GHz occurs at E (a)

s ≡ 550.7 V/cm. Two eigenstates
|↓〉 and |↑〉 at E (q)

s ≡ 530 V/cm near the anticrossing are chosen to
form an atomic qubit. The qubit-transition frequency is ωq = 2π ×
27.1 GHz. When Es is adiabatically reduced to zero, |↑〉 and |↓〉
approach 22D5/2 and a superposition state �n=20 combined by a set
of |n = 20,l � 3,j,m = 5

2 〉, respectively. (c) Vacuum Rabi oscillation
of atom between |↓〉 and |↑〉 with Es = E (a)

s and the atom initially in
|↑〉. The Rabi frequency is �.

550.7 V/cm at the atomic position. For a typical Rydberg-state
radius of about 40 nm in this paper, the inhomogeneities of
Eo and Es and the anisotropies of field directions eo and es

caused by the finite size of the atom are all less than 0.2% and
negligible. As we will see below, varying Es (by tuning the
voltage difference U ) brings a pair of atomic states on or off
resonance to the LC resonator. Finally, we assume the hybrid
system operates at the low temperature of T = 20 mK with
the thermal fluctuation of ωT = 2π × 0.4 GHz.

III. ATOMIC QUBIT

We first consider the eigenenergies and eigenstates of 87Rb
under the control of Es in the absence of Eo by diagonalizing
the Hamiltonian H = Ha + Vs in the basis of |nlj (m)〉, where
Ha represents the free-atom Hamiltonian and n, l, j , and m are
the principal, orbital, total angular momentum, and magnetic
quantum numbers, respectively. Since Es along the z direction
keeps m unchanged, we restrict ourselves within the basis
of m = 5

2 as an example. Like the SC qubits [10], a pair of
eigenstates near an avoided-level crossing and far away from
other states in energy are employed as two-qubit states to
encode the quantum information. The qubit transition occurs
when Es is set at this anticrossing.

Figure 2(a) shows the dc Stark map of 87Rb around
22D5/2(m = 5

2 ) as a function of Es , derived according to the
methods in Refs. [29,30]. It is seen that there exist plenty of
avoided-level crossings. Nonetheless, any anticrossings with
the energy spacings smaller than ωT cannot be observed. We
focus on the avoided crossing (labeled by the superscript a)
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at Es = E (a)
s ≡ 550.7 V/cm occurring between two energy

curves starting with 22D5/2 and a superposition state �n=20

composed of a set of |n = 20,l � 3,j,m = 5
2 〉 at Es = 0

[Fig. 2(b)]. The energy separation is as high as � = 2π ×
3.2 GHz. The eigenstates |↓〉 and |↑〉 of these two energy
curves at Es = E (q)

s ≡ 530 V/cm (the superscript q denotes
the qubit) near to the anticrossing are far away from any other
states and can be chosen to implement an atomic qubit with
the transition frequency ωq = 2π × 27.1 GHz. The population
N↑ = 〈σ+σ−〉 (σ− = |↓〉〈↑| and σ+ = σ

†
−) of the atom in |↑〉

can be derived by adiabatically reducing Es to a low bias E (b)
s

(for example, E (b)
s = 100 V/cm) and measuring the atom in

22D5/2(m = 5
2 ) via standard spectroscopic techniques. The

preparation of the atom in |↑〉 is implemented by adiabatically
increasing Es from E (b)

s to E (q)
s with the atom initially in 22D5/2

at Es = E (b)
s . The radii of atoms in |↓〉, |↑〉, 22D5/2(m = 5

2 ),
and �n=20 are less than 40 nm [31], and the inhomogeneity of
Es can be neglected.

The qubit transition of the atom is performed by nona-
diabatically increasing the electrostatic field Es from E (q)

s to
E (a)

s . Figure 2(c) displays the Rabi oscillations of populations
Nu (u = ↓,↑ and N↓ = 〈σ−σ+〉) of the atom in |u〉 with
Es = E (a)

s . It is seen that the total population is almost unity,
N↓ + N↑ ≈ 1, indicating that the atom is hardly transferred
to any other eigenstates and can be effectively simplified
as a closed two-state system. The Rabi frequency is equal
to the anticrossing gap � 	 |〈↓|Vs/�|↑〉| and the π -pulse
time duration for the state flipping of the atom is given
by π/�. The two eigenstates at the avoided crossing are
|±〉 = (|↓〉 ± |↑〉)/√2

Within the space spanned by |↓〉 and |↑〉 and E (q)
s � Es �

E (a)
s , the system Hamiltonian in the absence of Eo is reduced

as

H/� = ωq − �ωDC

2
σz + �

2
σx, (1)

where the z- and x-component Pauli matrices σz = σ+σ− −
σ−σ+ and σx = σ+ + σ−. �ωDC , which depends on Es ,
denotes the dc Stark-shift difference between |↓〉 and |↑〉.
When Es is increased from E (q)

s , �ωDC increases as well. At
Es = E (a)

s , we have ωq = �ωDC and are left with a resonantly
driven two-state system.

IV. STRONG ATOM-RESONATOR COUPLING

In the presence of Eo, the atom is dressed by the microwave
electromagnetic field. Diagonalizing the system Hamiltonian
H = HLC + Ha + Vs + Vo in the basis of |nlj (m),N〉 ≡
|nlj (m)〉 ⊗ |N〉, where the integer N = 0,1,2, . . . denotes the
number of microwave photons inside the LC resonator, results
in the energy spectrum of hybrid system shown in Fig. 3(a). As
illustrated, the free Hamiltonian HLC shifts the dc Stark map
of Rydberg atom by steps N�ωo. The extra atom-resonator
interface Vo leads to more avoided-level crossings occurring
at the intersections between energy curves with different
N . Nevertheless, the anticrossings induced by multiphoton
processes exhibit the energy separations smaller than ωT and,
hence, can be ignored.

FIG. 3. (a) Energy spectrum of hybrid system as a function of
the electrostatic field Es . The energy curves associated with |↓〉 and
|↑〉 are thickened. The energy spacings of avoided-level crossings
occurring between |↓,N + 1〉 and |↑,N〉 at Es = E (c)

s ≡ 543.3 V/cm
are

√
N + 1g with g = 2π × 0.90 GHz. (b) Vacuum Rabi oscillations

of N↑ and Np = 〈a†a〉 by solving the time-dependent Schrödinger
equation with Es = E (c)

s . The atom is initially prepared in |↑〉 while
no microwave photons exist inside the cavity.

We focus on the eigenenergies associated with the atomic-
qubit states |↓〉 and |↑〉. As shown in Fig. 3(a), the energy spac-
ing of one-photon anticrossing happening between |↓,N + 1〉
and |↑,N〉 at Es = E (c)

s ≡ 543.3 V/cm (the superscript c

denotes the atom-resonator coupling) approximates
√

N + 1g,
where

g 	 2|〈↓,1|Vo/�|↑,0〉| (2)

is the single-photon–atom interaction strength. For our phys-
ical specification, g approximates 2π × 0.90 GHz, larger
than any coupling strengths achieved in recent experimentally
demonstrated atom-cavity and SC qubit-resonator systems
[32–43] and almost equal to that of the atom-waveguide system
[44,45]. Similar to the nonlinearity introduced by integrating
JJs into the LC circuit, the strong atom-resonator coupling
disturbs the harmonic potential of the LC resonator and makes
|↓,N + 1〉 and |↑,N〉 well separated from others around E (c)

s ,
resulting in the SC dressed-state qubits [14].

For the pair of |↓,1〉 and |↑,0〉, the corresponding eigen-
states of the hybrid system at E (c)

s are the maximally entangled
states (two Bell states)

|�±〉 = 1√
2

(|↓,1〉 ± |↑,0〉). (3)

Figure 3(b) displays the expectation values of the number
Np = 〈a†a〉 of photons inside the resonator and the population
N↑ of atom in |↑〉 as a function of time with the atom
initially prepared in |↑〉 and no photons in the resonator at
Es = E (c)

s . It is seen that an energy quantum is being exchanged
back and forth between atom and resonator with a vacuum
Rabi frequency of g. Moreover, N↑ + Np ≈ 1 indicates that
the hybrid system can be simplified as a two-state system
composed of |↓,1〉 and |↑,0〉, i.e., the dressed-state qubit. The
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π -pulse time duration for flipping states of atom and photon
is π/g.

Within the Hilbert space spanned by {|u,N〉, u = ↓,↑; N =
0,1,2, . . .} and E (q)

s � Es � E (a)
s , the hybrid-system Hamilto-

nian can be simplified as

H/� = ωq − �ωDC

2
σz + ω0a

†a + �

2
σx − i

g

2
(a† − a)σx.

(4)

Varying Es tunes both the atomic-qubit transition and the atom-
resonator interaction. The resonant Rabi oscillation of the atom
occurs when �ωDC = ωq . The atom strongly couples to the
microwave resonator when �ωDC = ωq − ω0.

Typically, the quality factor for the SC microwave LC

resonator is of the order of 104 [10]. For our specification,
the loss rate of the LC resonator is estimated to be κ =
2π × 0.7 MHz, much smaller than � and g. In addition, the
decoherence rate of the atomic-qubit transition approximates
γ = 2π × 0.16 MHz when the Rydberg atom is positioned
near a metallic surface [46], resulting in a hybrid system in the
strong-coupling regime and an extremely large cooperativity
C = g2/(κγ ) = 7.2 × 106 (C−1 measures the critical atomic
number for lasing dynamics [41]). Increasing the amplitude
Eo can further enhance the vacuum Rabi frequency g, leading
to the ultrastrong atom-resonator interface [47,48].

We should note that the adsorbates deposited on the chip
surface can give rise to a large electric field, as pointed out
in Ref. [49]. However, experimentally, there might be ways
to minimize the detrimental effect of stray electric fields. It
was shown that the direction of the electric field produced by
adsorbates due to the chemisorption or physisorption depends
on the material properties [50]. In principle, one can envision
to pattern the surface with two materials which give rise
to opposing dipole moments of adsorbates. Furthermore, as
demonstrated in Ref. [51], the electric field due to adsorbates
can be minimized by saturating the adsorbate film. The
remaining uniform electric fields could be canceled by applied
offset field. However, there might still be residual field
gradients which are hard to predict. Parasitic static electric-
field gradients could affect the motion of the atom confined
inside the trapping region. It is hard to give absolute numbers
since the electric-field gradient due to adsorbates depends
on the realized atomic chip and materials being used for the
substrate or the superconductor.

V. TWO-QUBIT LOGIC GATE

Our hybrid system is applicable for two-qubit universal
logic gates. We restrict ourselves to the Hilbert space spanned
by |↓,0〉, |↓,1〉, |↑,0〉, and |↑,1〉, i.e., an atomic qubit dressed
by a single-photon qubit. As an example, we focus on
the controlled-NOT (CNOT) operation, where the photon-state
flipping is conditioned on the atomic-qubit state. The concrete
implementation (see Fig. 4) can be accomplished via the
following five steps: (1) The electrostatic field Es , which is
initially set at E (q)

s , nonadiabatically raises to E (a)
s . After staying

at E (a)
s for a π -pulse time duration of π/�, Es is reduced

back to E (q)
s nonadiabatically. (2) Es decreases to the low

bias E (b)
s adiabatically. Then, the π light pulses are applied to

FIG. 4. CNOT operation, where the atom acts as the control qubit
while the photonic qubit plays the target role. The different steps are
discussed in text.

resonantly couple the two-photon 5S1/2(m = 1
2 ) − 5P3/2(m =

3
2 ) − 22D5/2(m = 5

2 ) transition. Afterwards, Es is increased

back to E (q)
s adiabatically. (3) Es goes up adiabatically to E (c)

s ,
where the one-photon avoided crossing occurs. After passing
E (c)

s , Es rises to E (a)
s nonadiabatically. Es stays at E (a)

s for a
π
2 -pulse time length of π/(2�) and then goes back to E (q)

s

adiabatically. (4) Repeat the second step. (5) Repeat the first
step.

During the qubit inversion (1), the atomic qubit switches its
state while the photonic qubit remains unchanged. The light
pulses in step (2) bring |↑,0〉 and |↑,1〉 components out of the
restricted two-qubit space so that they avoid being affected by
the vacuum Rabi oscillation in the following step. Although Es

staying at E (a)
s for a π -pulse time length in step (3) causes the

state flipping of atom, the atom-resonator-interaction–induced
anticrossing at Es = E (c)

s enables the atom to remain in |↓〉 after
step (3). As a result, the photonic qubit flips between |0〉 and |1〉
with the atom in |↓〉. In step (4), the atom in the ground state is
brought back to |↑〉 without changing the photon state. Finally,
to obtain the truth table of CNOT operation, the atomic qubit
should switch its state again while the photonic qubit remains
unchanged in step (5). The logic-gate-operation duration can
be well smaller than the dephasing times of qubits.

VI. CONCLUSION

In summary, we have investigated a hybrid system com-
posed of a Rydberg atom interacting with a SC microwave
LC oscillator. Varying the external electrostatic field not only
controls the qubit transition of the atom but also shifts the
atomic-qubit transition resonantly to the resonator, resulting
in an atom-photon interaction stronger than or almost equal to
that of atom-cavity, SC qubit-resonator, and atom-waveguide
systems performed in recent experiments and an extremely
large cooperativity. In the dressed-state picture, a pair of
|↑,N − 1〉 and |↓,N〉 can form an artificial two-state particle,
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leading to the SC qubit without JJs. Moreover, the universal
two-qubit logic operations can be performed on this hybrid
system by means of sweeping the electrostatic field and
standard spectroscopic techniques.

In our physical specification, both Rabi frequency � and
atom-resonator coupling strength g are of the order of 1 GHz.
All gate operations can be accomplished within a timescale
much shorter than any decoherence times of the LC resonator
and atomic Rydberg states. Careful designing the LC resonator
and choosing higher Rydberg states will further reduce ω0

and enhance g, leading to a hybrid system in the ultrastrong
coupling regime, g ∼ ω0 or even g > ω0. In this case, the

effects of counter-rotating terms of the atom-cavity interaction
also play a major role, giving rise to more interesting physics.
Moreover, the large SC resonator-atom interaction will enable
the strong coupling between neutral atoms and the usual SC
qubits via the SC resonator.
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[9] L. Sárkány, J. Fortágh, and D. Petrosyan, Phys. Rev. A 92,
030303 (2015).

[10] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin, and R. J.
Schoelkopf, Phys. Rev. A 69, 062320 (2004).

[11] M. Saffman, T. G. Walker, and K. Mølmer, Rev. Mod. Phys. 82,
2313 (2010).

[12] J. D. Pritchard, J. A. Isaacs, M. A. Beck, R. McDermott, and M.
Saffman, Phys. Rev. A 89, 010301 (2014).

[13] J. Clarke and F. K. Wilhelm, Nature (London) 453, 1031 (2008).
[14] N. Timoney, I. Baumgart, M. Johanning, A. F. Varón, M. B.

Plenio, A. Retzker, and Ch. Wunderlich, Nature (London) 476,
185 (2011).

[15] H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G. Catelani,
A. P. Sears, B. R. Johnson, M. J. Reagor, L. Frunzio, L. I.
Glazman, S. M. Girvin, M. H. Devoret, and R. J. Schoelkopf,
Phys. Rev. Lett. 107, 240501 (2011).

[16] H. Paik, D. I. Schuster, L. S. Bishop, G. Kirchmair, G. Catelani,
A. P. Sears, B. R. Johnson, M. J. Reagor, L. Frunzio, L. I.
Glazman, S. M. Girvin, M. H. Devoret, and R. J. Schoelkopf,
Science 352, 1087 (2016).

[17] G. Rempe, H. Walther, and N. Klein, Phys. Rev. Lett. 58, 353
(1987).

[18] M. Brune, S. Haroche, V. Lefevre, J. M. Raimond, and N.
Zagury, Phys. Rev. Lett. 65, 976 (1990).

[19] M. Brune, E. Hagley, J. Dreyer, X. Maı̂tre, A. Maali, C.
Wunderlich, J. M. Raimond, and S. Haroche, Phys. Rev. Lett.
77, 4887 (1996).

[20] G. Nogues, A. Rauschenbeutel, S. Osnaghi, M. Brune,
J. M. Raimond, and S. Haroche, Nature (London) 400, 239
(1999).

[21] A. Rauschenbeutel, G. Nogues, S. Osnaghi, P. Bertet, M. Brune,
J. M. Raimond, and S. Haroche, Phys. Rev. Lett. 83, 5166 (1999).

[22] J. M. Raimond, M. Brune, and S. Haroche, Rev. Mod. Phys. 73,
565 (2001).

[23] H. Walther, B. T. H. Varcoe, B.-G. Englert, and T. Becker,
Rep. Prog. Phys. 69, 1325 (2006).

[24] S. Gleyzes, S. Kuhr, C. Guerlin, J. Bernu, S. Deléglise,
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