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Single microwave photon switch controlled by an external electrostatic field
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We design a single microwave photon switch through a one-dimensional waveguide coupled with a side
Jaynes-Cummings system, namely, a single-mode cavity with an embedded Rydberg atom 87Rb. Since the energy
spectra of the 87Rb atom depend on the electrostatic field, the 87Rb atom can couple with the cavity in tune
and out of tune, corresponding to the switch on and off states, respectively. The influences of the single photon
pulse width, cavity dissipation, and Rabi coupling on the on/off ratio are studied in detail by a non-Hermitian
Hamiltonian. We find that the on/off ratio can be larger than 100 in a wide parameter space and the decay time and
rise time are both about 0.75 ns. Within the master equation of the density matrix we also demonstrate that the
on/off ratio can be reduced by the quantum noise but is still large enough for application. The transition energy
of the two-level Rydberg atom 87Rb gives the switch operating frequency which is in the range of microwave
regime. Accordingly, the switch is viable in practice and has potential in quantum informatics.
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I. INTRODUCTION

Coupled architecture of one-dimensional (1D) waveguides
with quantum emitters has been proposed in recent years for
manipulating few-photon states due to its simple physical
structure. Diverse quantum emitters include quantum dots
[1–3], optomechanical cavities [4], single or multiple atoms
possessing two or more levels [5–11], cavities with an atom
[12,13] or a Kerr medium inside [14], and so on. The 1D
waveguides can be made of line defects in photonic crystals
[15–18] or micro- or nanowires [19–21]. Such coupled ar-
chitecture benefits from advanced micro- and nanofabrication
techniques, rousing an upsurge of study on waveguide quantum
electrodynamics, for example, electromagnetically induced
transparency [22–25], Fano resonance [26–28], polarization
effects [29], slow light behavior [23,30], multiphoton trans-
mission [4,14,31–33], and so on. These results inspired many
attempts on designing quantum devices of photons, such as
optical switches [29,34,35], single-photon transistors [36],
photon memory [23], and band filters [37,38]. As a core
element in informatics, optical switches could be achieved by
mechanical methods [39], electro- and magneto-optic effects
[40,41], or introducing nonlinear materials [42,43]. Those
optical switches without moving elements are more suitable
for integrating with electronic circuits.

In this work, we propose a scheme for designing a single
microwave photon switch. Microwave photons were widely
investigated in the context of cavity quantum electrodynamics
with Rydberg atoms or superconducting circuits [45]. Several
ways have been proposed for generating the single microwave
photons, for example, controllable superconducting circuit
architectures [46,47] and two-level systems [48]. Microwave
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technologies are of high interest because of their promising
applications in quantum informatics, sensing, imaging, and
other fields. As an example, we consider a single microwave
photon with frequency of 27 GHz. The single microwave
photon switch is based on the coupled architecture of a
centimeter-width 1D waveguide with a Jaynes-Cummings (JC)
model, as shown in Fig. 1(a). The JC model contains a quantum
cavity with an embedded two-level atom in it. One typical
two-level atom is the Rydberg atom, such as 87Rb. Lots of
work has been done for the resonator-Rydberg atom system
which shows abundant fundamental physics in quantum optics
and circuit quantum electrodynamics [44,49]. A merit of the
Rydberg atoms is that the energy levels of their Rydberg
states can be controlled effectively by an external electrostatic
field, which offers a way for adjusting the eigenfrequency
of quantum emitters. One of the most effective methods for
achieving the photon switches is just to shift the resonant
frequency of quantum emitters either toward or away from
the frequency of incident signals. They include changing the
refraction index of photonic crystals [50,51], using nonlinear
cavities [14], and introducing an atom into quantum emitters
or not [29,52]. We consider another method, namely, changing
the Rydberg levels of the 87Rb atom in the JC model by an
external electrostatic field [see Fig. 1(a)]. It is similar to the
last mentioned method but without moving the atom. The
energy spectra of the Rydberg states of 87Rb can be adjusted
by an external electrostatic field which is controlled by U .
The variation of the two concerned energy levels with the
external electrostatic field is given in Fig. 1(b) (refer to Ref. [44]
for more details). The 87Rb atomic-qubit transition between
these two levels can be tuned in or out of resonance with
the cavity by the external electrostatic field [53,54] and the
transition in the range of [ω1, ω2] = [2.7ω0, 0.7ω0], with
ω0 = 2π × 1010 Hz considered in the present work [see Fig.
1(b)]. As a ratiocination, the levels of the JC model can also be
tuned in or out of resonance with the incident photon, which
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FIG. 1. (a) Schematic diagram of a one-dimensional waveguide
side coupled with a cavity with eigenfrequency of ωc. The yellow
wave curve stands for a single photon pulse in the waveguide whose
coupling with the cavity is denoted by the pink arrow. In the cavity
a 87Rb atom is embedded and the energies of its Rydberg states
can be tuned by an external voltage difference of U . (b) Concerned
energy spectra for 87Rb in the electrostatic field (due to the direct
current Stark shifts of Rydberg states), refer to Ref. [44] for details. In
calculation we focus on the transition frequency range of [ω1, ω2] =
[2.7ω0, 0.7ω0] with ω0 = 2π × 1010 Hz, where ω1 and ω2 correspond
to an electrostatic field of 530 and 545.9 V/cm, respectively.

provides a convenient way for designing a single microwave
photon switch. We will study how to achieve such a single
microwave photon switch and related influences of the model
parameters on its performance.

The work is organized as follows. In Sec. II, the model and
related Hamiltonian are introduced, including the system time-
dependent dynamical equations. In Sec. III, we first examine
the factors that influence the on/off ratio of the single photon
pulse, including the coupling strength between the cavity and
1D waveguide, dissipations of the cavity and atom, and Rabi
coupling between the cavity and atom. Then, two dynamical
cases, namely, the switch is (a) turned on and then off and
(b) turned off and then on, are considered to confirm the switch
mechanism and to determine the switch decay time and rise
time. At last, a Lindblad master equation is introduced to
discuss the influence of the quantum noise on the on/off ratio.
In Sec. IV, a conclusion is summarized.

II. MODEL AND FORMULAS

A. Jaynes-Cummings model

The structure of the single microwave photon switch is
depicted in Fig. 1(a), where the quantum emitter is the single-
mode cavity with an embedded two-level 87Rb atom. When the
switch works the 87Rb atom is highly excited into the Rydberg
states whose energy levels are controlled by an external elec-
trostatic field of E. In the experiment, the electrostatic field is
generated by an extra parallel-plate capacitor with an imposed
voltage difference of U . Using the results in Ref. [44] we show
the variation of the two Rydberg states in Fig. 1(b). The lowest

atomic transition frequency is � = 0.32ω0, with the frequency
unit of ω0 = 2π × 1010 Hz occurring at E = 550.7 V/cm.
When the transition frequency is near �, the Hamiltonian for
the 87Rb atom under the electrostatic field is reduced as [44]

Ha = ω̃a

2
(σ̂z + Î ) + �

2
σ̂x, (1)

where the Planck constant has been set to h̄ = 1 for easy
writing. ω̃a = ωa − iγa with the transition energy of ωa and
loss of γa depends on the external electrostatic field of E. Î is
the 2 × 2 unit matrix, introduced for setting the energy of the
lower level to zero. σ̂z and σ̂x are the z and x components of
the Pauli matrices, respectively. With the raising and lowering
operators of σ̂±, they can be expressed into σ̂z = σ̂+σ̂− − σ̂−σ̂+
and σ̂x = σ̂+ + σ̂−. The expression of σ̂x shows that the second
term in Eq. (1) does not obey the conservation law of particle
number. It suggests us to focus on the transition frequency that
is away from the anticrossing point (minimal-gap position), for
example, the range of [ω1, ω2] = [2.7ω0, 0.7ω0] in Fig. 1(b),
in which the second term in Eq. (1) can be neglected.

Within this approximation the Hamiltonian for the JC model
of the 87Rb atom coupled with one cavity reads

HJC = ω̃a

2
(σ̂z + Î ) + ω̃cĉ

†ĉ + g

2
(ĉ†σ̂− + σ̂+ĉ), (2)

where ĉ† (ĉ) is the creation (annihilation) operator of the cavity
mode. The frequency ω̃c = ωc − iγc with the energy of ωc and
loss of γc. g describes the Rabi coupling between the atom and
cavity. We choose ωc = ω1 throughout the work. The transition
frequency of the 87Rb atom continuously changes from ω1 to
ω2 as the electrostatic field increases from 530 to 545.9 V/cm.
Accordingly, the atom and cavity are in resonance when E =
530 V/cm and are out of resonance when E = 545.9 V/cm.
The cavity size is comparable to the wavelength of the single
microwave photon (∼2 cm). When the two capacitor poles are
outside the cavity [see Fig. 1(a)], the voltage difference of U is
∼1.1 kV, while when the capacitor is in the cavity, U is mainly
determined by the distance between its two poles. For the latter
case, U can be very small, for example, U is ∼0.55 V as the
distance between the two capacitor poles is ∼10 μm. These
parameters are practical for designing the single microwave
photon switch.

B. Hamiltonian and dynamical equations

When the JC model is coupled with the 1D waveguide, the
full Hamiltonian can be written as

H =
∫

dx{ψ̂†
R (x)ω̂(−i∂x )ψ̂R (x) + ψ̂

†
L(x)ω̂(+i∂x )ψ̂L(x)}

+
∫

dxV0δ(x){[ψ̂†
R (x)

+ ψ̂
†
L(x)]ĉ + H.c.} + HJC, (3)

where ψ̂
†
L(x) and ψ̂L(x) [ψ̂†

R (x) and ψ̂R (x)] are the field
operators of the left-moving (right-moving) waveguide mode,
respectively. They create and annihilate a left-moving (right-
moving) photon in the position eigenstate |x〉. ω̂(∓i∂x ) is the
photon kinetic energy operators, determined by the waveg-
uide dispersion ω(k). Commonly, the waveguide dispersion

023830-2



SINGLE MICROWAVE PHOTON SWITCH CONTROLLED BY … PHYSICAL REVIEW A 98, 023830 (2018)

is linearized around the energy levels of the JC model for
simplicity. Since the incident wave is a pulse in practice
and contains many plane-wave components, it is better to
use a more general waveguide dispersion for ω̂(∓i∂x ). We
take ω(k) = c

√
k2
z + k2 with the vacuum light speed of c,

representing the dispersion of a two-dimensional confined
waveguide, such as a one-dimensional rectangular waveguide
or a cylindrical waveguide. k and kz are the longitudinal and
transversal wave vectors, respectively. The coupling between
the waveguide and cavity is described by a δ function with
strength V0. For a general case the coupling is an overlap
integral of the cavity and waveguide modes and shows a strong
dependence on the distance between the cavity and waveguide
[55]. The microwave cavity and waveguide are commonly
fabricated with metal materials, so that the distance between
them is much smaller than the photon wavelength and even a
channel is needed between them [56].

For the single-particle excitation, the state determined by
Eq. (3) has the form

|�〉 =
∫

dx[�R (x, t )ψ̂†
R (x) + �L(x, t )ψ̂†

L(x)]|∅〉

+C(t )ĉ†|∅〉 + A(t )σ̂+|∅〉, (4)

where |∅〉 is a vacuum state, implying that there is no photon
whether in the waveguide or in the cavity, and that the 87Rb
atom is in the lower-energy state. �R/L(x, t ) are the wave func-
tions of the right-/left-moving waveguide photons. C(t ) and
A(t ), respectively, are the probability amplitudes of the cavity
and atom. Substituting Eq. (4) into the Schrödinger equation
of i∂t |�〉 = H|�〉, one can find the dynamical equations for
C(t ), A(t ), �R (x, t ), and �L(x, t ) as follows:

i∂tC(t ) = ω̃cC(t ) + g

2
A(t ) + V0[�R (0, t )+�L(0, t )],

(5a)

i∂tA(t ) = ω̃aA(t ) + g

2
C(t ), (5b)

i∂t�R (x, t ) = ω̂(−i∂x )�R (x, t ) + V0δ(x)C(t ), (5c)

i∂t�L(x, t ) = ω̂(+i∂x )�L(x, t ) + V0δ(x)C(t ). (5d)

Since the waveguide dispersion is not linearized, these
dynamical equations would be transformed into the reciprocal
space for numerical calculation. With these equations, the
dynamical properties of the system in Fig. 1(a) can be exactly
analyzed. The right- and left-moving photon numbers, nr and
nl , are given by

nr =
∫

dx|�R (x, t )|2, nl =
∫

dx|�l (x, t )|2. (6)

In calculation, a Gaussian-type pulse for the incident wave
is adopted, namely,

�in(k) =
(

2

πk2
w

) 1
4

e−(k−ki )2/k2
w , (7)

where k is the wave vector with the pulse width of 2k−1
w . ki

represents the center wave vector, corresponding to the energy
of εi = c

√
k2
z + k2

i . For definiteness, we list the parameters used
throughout the work here. The units of the frequency, time,

length, and wave vector, respectively, are ω0 = 2π × 1010 Hz,
τ0 = 2π/ω0, λ0 = 3 cm, and k0 = 2π/λ0. Other parameters
that remain unchanged in calculation are: kz = 2.245k0, c =
3 × 108 m/s, ω1 = 2.7ω0, ω2 = 0.7ω0, and ωc = ω1. For the
transition energy of the 87Rb atom we consider two values,
namely, ωa = ω1 or ω2, which are used for the switch on and
off states, respectively. The switch on and off states correspond
to the fact that the couplings between the cavity and atom
are “tuning” (i.e., ωc = ωa = ω1) and “detuning” (i.e., ωc =
ω1, ωa = ω2). To quantify the switch, we introduce the on/off
ratio as

ξ = TTun

TDetun
. (8)

TTun and TDetun are the transmissivities of the single photon
pulse with the frequency εi = ω1 for the switch on and off
states, respectively.

Since the nonlinear dispersion of ω(k) is adopted for the
waveguide, we first transform the dynamical equation (5) into
the reciprocal space and then numerically find the dynamical
properties of the system. Initially, for the JC model the 87Rb
atom is in the lower-energy state and there is no photon in the
cavity. For the waveguide the single microwave photon incident
from the left side is described by Eq. (7). In the solving process
the fourth-order Runge-Kutta and predictor-corrector methods
are used in the reciprocal space discretized into the grid with
211 points.

III. NUMERICAL RESULTS AND DISCUSSION

Figures 2(a)–2(c) show the transmission spectra of the
single photon pulse for the tuning (ωa = ω1) and detuning
(ωa = ω2) couplings between the cavity and atom. The trans-
mission dips are mainly determined by the eigenvalues of HJC,
namely,

ε± = 1
2 [(ω̃c + ω̃a ) ±

√
(ω̃c − ω̃a )2 + g2]. (9)

Since γc = γa = 0 is adopted in Fig. 2, we have ω̃c/a = ωc/a

and ε± = 2.7ω0 ± 0.5g for the tuning coupling and ε± =
1.7ω0 ±

√
ω2

0 + g2/4 for the detuning one. Between ε+ and ε−
there is a transmission peak. For the tuning coupling it locates
at ω1, while ω1 approaches the transmission dip position for
the detuning coupling. These two situations can naturally be
taken as the switch on and off states for the single photon
with frequency ω1. The corresponding wave vector k1 = 1.5k0

and wavelength λ1 = 2λ0/3 = 2 cm. Since the atom transition
frequencies of ω1 and ω2 relate to the external electrostatic
fields of 530 and 545.9 V/cm, the switch on and off states can
be changed into each other conveniently. When γc = γa = 0,
for the plane-wave input (kw → 0) the local minimum and
maximum of the transmissivity around the transmission dips
(switch off) and peaks (switch on) are strictly equal to zero and
1, respectively. However, these ideal cases would be broken
by the finite width of the incident pulse, losses of the cavity
and atom, or Rabi coupling. The incident pulse contains more
plane-wave components as kw increases, with the result that
the transmission spectra become flatter, especially around the
transmission dips and peaks [see Fig. 2(a)]. Correspondingly,
the transmissivity decreases and increases for the switch on
and off states as kw increases [see the solid black and dashed
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FIG. 2. (a–c) Transmission spectra of the single photon pulse with
kw = 0.01k0 and 0.1k0 for the tuning and detuning couplings between
the cavity and atom; (d–f) Variation of the transmissivity (solid black
and dashed red curves, left axes) and on/off ratio (dotted blue curves,
right axes) with kw when εi = 2.7ω0. Parameters: g = 0.09ω0 and
γc = γa = 0.

red curves in Fig. 2(d)]. As a result, the on/off ratio ξ [see
the dotted blue curve in Fig. 2(d)] decreases from 2.9 × 102

to 2.2 when kw increases from 0.005k0 to 0.1k0, implying that
the switch cannot work well for the ultranarrow pulse. This
nodus can partially be overcome by increasing the coupling
between the waveguide and cavity. For example, ξ ≈ 8.7 and
2.4 × 101, respectively, when V0/λ

0.5
0 = 0.1ω0 and 0.15ω0 for

kw = 0.1k0 [see Figs. 2(e) and 2(f)]. If ξ > 102 is required for
a switch, Fig. 2(f) shows that kw should be smaller than 0.06k0,
that is, the pulse width should be larger than 15.9 cm, being
about 8 times that of the photon wavelength λ1. Moreover, the
on/off ratio can reach a much larger value for a broad pulse. For
example, when kw = 0.005k0 the on/off ratio is up to 5.6 × 103

and 3.4 × 104 for V0/λ
0.5
0 = 0.1ω0 and 0.15ω0, respectively

[refer to Figs. 2(e) and 2(f)].
The on/off ratio also depends on the losses of the cavity and

atom, as shown in Fig. 3 where V0/λ
0.5
0 = 0.1ω0. Figures 3(a)–

3(c) show that ξ decreases as γc increases. In addition, ξ has a
saturation behavior for large γc [see Figs. 3(b) and 3(c)]. This
can be understood by the transmission coefficient of the plane
wave (kw → 0) with the energy εi [55],

t = 1

1 + i
V 2

0 /vg

εi−ωc+iγc− g2/4
εi−ωa+iγa

, (10)

where the group velocity vg = dω(k)
dk

|
ω(k)=ω1

≈ 0.56c. To ob-
tain Eq. (10) the dispersion of the waveguide mode has been
linearized near the cavity energy ωc, namely, ω(k) = ωc +

FIG. 3. Variation of the transmissivity (solid black and dashed red
curves, left axes) and on/off ratio (dotted blue curves, right axes) with
kw under several different losses of the cavity and atom. Parameters:
g = 0.09ω0, V0/λ

0.5
0 = 0.1ω0, and εi = 2.7ω0.

vg (k − k1). For the tuning coupling TTun = | γaγc+g2/4
γa (γc+V 2

0 /vg )+g2/4
|2,

where εi = ωc = ωa = 2.7ω0, while for the detuning coupling

TDetun = | γaγc+g2/4−i2ω0γc

γa (γc+V 2
0 /vg )+g2/4−i2ω0(γc+V 2

0 /vg )
|2, where εi = ωc =

2.7ω0 and ωa = 0.7ω0. Note that these two expressions are
valid only for the plane-wave incidence, giving the saturation
value of ξ as kw → 0:

ξsat =
[

γaγc + g2/4

γa

(
γc + V 2

0 /vg

) + g2/4

]2

×
[
γa

(
γc + V 2

0 /vg

) + g2/4
]2 + 4ω2

0

(
γc + V 2

0 /vg

)2

(γaγc + g2/4)2 + 4ω2
0γ

2
c

.

(11)

From ξsat one can see that γa and γc strongly influence the

on/off ratio. For γa = 0, ξsat = (g2/4)2+4ω2
0 (γc+V 2

0 /vg )2

(g2/4)2+4ω2
0γ

2
c

∼ 6.4 ×
103, 5.3 × 102, and 1.5 × 102 when γc = 0.001ω0, 0.005ω0,
and 0.01ω0, respectively. They are the limitation of the on/off
ratios shown in Figs. 3(a)–3(c). For γc = 0, we can find

ξsat = 1 + | 2ω0

γa+g2/(4V 2
0 /vg )

|2. Because g2/(4V 2
0 /vg ) (∼0.02ω0)

is larger than γa used in Figs. 3(d)–3(f), the decrease of ξ is
slower for increasing γa than increasing γc. The corresponding
saturation values are 1.1 × 104, 7.5 × 103, and 5.1 × 103 for
Figs. 3(d)–3(f), much larger than those in Figs. 3(a)–3(c), re-
spectively. Therefore, a high-Q cavity is required. Considering
that ξ is larger than 100 for the pulse width kw < 0.02k0 when
Q ∼ ω1

γc
= 270, refer to Fig. 3(c), it is possible in practice to

design such a single microwave photon switch. In addition, the
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FIG. 4. Variation of the transmissivity (solid black and dashed red
curves, left longitudinal axes) and on/off ratio (dotted blue curves,
right axes) with g under several losses of the cavity. Parameters:
V0/λ

0.5
0 = 0.1ω0, εi = 2.7ω0, kw = 0.02k0, and γa = 0.

above discussions also show that the on/off ratio can be up to
1000 in certain cases.

As shown in Eq. (9) the energy levels of the JC model depend
on the Rabi coupling between the cavity and atom, and so do the
transmissivities TTun and TDetun (refer to Fig. 4), where γa = 0
is adopted for it shows weaker influence on ξ than γc. The
transmission peak for the tuning coupling is always located
at the energy of ω1 no matter what the value of g is, while
the position of the transmission dip for the detuning coupling
gradually walks away from ω1 as g increases. Consequently,
TTun and TDetun both increase for increasing g, with the result
that ξ first increases and then decreases. This can be argued as
follows. For small g the two transmission dips are too close
to each other for the tuning coupling, leading to small TTun.
On the contrary, for large g the position of the transmission
dip is far away from ω1 for the detuning coupling, leading to
large TDetun. Both situations result in small ξ , implying that
there is a best choice for g (see Fig. 4). One can derive the
best choice by setting the derivative of ξsat in Eq. (11) with
respect to g to be zero, but the expression is too complicated to
find a concise result. Numerical calculation in Figs. 4(a)–4(d)
shows that such a value of g depends on γa and γc obviously
but not strongly. The best choice is about several percent of
the incident photon energy (i.e., εi = 2.7ω0) and is in the
range of (0.08, 0.16)ω0, which benefits the design of the
switch.

In order to confirm the feasibility of the switch, we plot the
time evolution of the waveguide photon probability densities
in Figs. 5(a) and 5(c), where the switch state is changed
from on to off and from off to on, respectively, during the
scattering process. The change of the switch state results in

↓

↑

FIG. 5. (a) Contour map of the waveguide photon probability
density (normalized to its maximum value denoted by “Max”) as
functions of x and t for the switch first turning on and then off and
(b) the probability distributions when t = 20τ0 (dashed black), 200τ0

(dotted dark yellow), and 300τ0 (solid red), corresponding to those in
(a). The denotations for (c) and (d) are the same as those for (a) and
(b), except the switch first turning off and then on. Parameters:
V0/λ

0.5
0 = 0.1ω0, g = 0.09ω0, kw=0.01k0, γc = 0.005ω0,

and γa = 0.

a sharp variation for the transmitted and reflected probability
densities, which compensates with each other under a vertical
mirror symmetry operation along the line of x = 0. In other
words, the transmitted and reflected pulses are tailored into
non-Gaussian waveforms, being quite different from that of
the incident pulse. For analyzing the time response of the
switch we introduce τ↓ (τ↑) to measure the decay (rise) time for
the transmitted probability decreasing from 1 to 1

e
(increasing

from 1
e

to 1) times that of its maximum. This can be read
from Figs. 5(b) and 5(d), where the probability densities in
Figs. 5(a) and 5(c) at the time of 20τ0, 200τ0, and 300τ0 are
plotted. The probability densities at the time of 20τ0 give the
incident Gaussian pulse, while those at the time of 200τ0 and
300τ0 tell the transmitted (x > 0) and reflected (x < 0) pulses
near and after the scattering process. When the switch is turned
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off the transmission is hindered; see the left and right sides of
the transmitted pulses in Figs. 5(b) and 5(d).

The decay (rise) time is reflected by the decay (rise) distance
of the probability density in the real space; see d↓ (d↑) in
Fig. 5(b) [Fig. 5(d)]. They connect with each other by

τ↓ = d↓
vg

, τ↑ = d↑
vg

, (12)

where vg ≈ 0.56c. From Figs. 5(b) and 5(d) one can estimate
d↓ ≈ 3.9λ0 and d↑ ≈ 4.2λ0 and therefore, τ↓ ≈ 7.0τ0 and
τ↑ ≈ 7.5τ0, indicating that the switch can work well only when
the width of the incident pulse is larger than vg (τ↑ + τ↓) ≈
8.1λ0. Under this condition the on/off ratio can be up to 100
as γc < 0.005ω0 [see Fig. 3(b)]. In terms of kw, the condition
is changed such that kw should be less than 0.04k0, which is
met by kw used for the incident pulse in Fig. 5. In addition,
Fig. 2 has shown that the narrower the pulse width is, the less
the on/off ratio becomes. These two limitations both prefer
small kw. Combining all above numerical results, we find that
the on/off ratio can be up to or even larger than 100, simul-
taneously with the decay time and rise time being both about
7.5τ0 = 0.75 ns when kw < 0.04k0, V0/λ

0.5
0 � 0.1ω0, and g ∈

(0.08 , 0.16)ω0. The switch operating frequency is determined
by the Rydberg atom, being 2π × 27 GHz in this work.

Though the non-Hermitian Hamiltonian in Eq. (3) has
shown that the designed switch is practical in experiments, the
system quantum noise may degrade its performance, especially
the on/off ratio. To show this we introduce the density matrix
ρ̂ and the Lindblad master equation [57], written as

i
∂

∂t
ρ̂ = [H, ρ̂] + iDρ̂, (13)

where

Dρ̂ = γc([ĉρ̂, ĉ†] + [ĉ, ρ̂ĉ†])

+ γa ([σ̂−ρ̂, σ̂+] + [σ̂−, ρ̂σ̂+]). (14)

After expressing Eq. (13) in single-particle space we can find
the time evolution of ρ̂. The losses of γc and γa are due
to the influence of the quantum noise on the JC system. A
numerical scheme similar to that for Eq. (5) is adopted. Figure 6
(whose parameters are the same with those in Fig. 5) shows the
time evolutions of the probability density and particle number
for the waveguide photon. The incident waveguide photon
can transport through the JC system as the switch is on [see
Figs. 6(a) and 6(b)], while it is reflected as the switch is off
[see Figs. 6(c) and 6(d)]. Their transmissivities respectively
are TTun = 0.975 and TDetun = 0.061, giving the on/off ratio
ξ = 16.0. Since this value is smaller than that obtained from
Eq. (5) [refer to Fig. 3(b)], the quantum noise can reduce the
switch ratio. Because the on/off ratio is still large enough, the
designed switch is practical for application.

IV. CONCLUSION

In this work, we designed a single microwave photon
switch based on a one-dimensional waveguide. The quantum
emitter of a single-mode cavity with an embedded Rydberg
atom 87Rb is used to control the transmission of the single
photon pulse. Since the energy spectra of the 87Rb atom can
be controlled by an external electrostatic field, therefore the

FIG. 6. (a) Contour map of the waveguide photon probability
density (normalized to its maximum value) as functions of x and
t for the switch on state and (b) corresponding time evolution of nr

and nl . (c) and (d) are the same as (a) and (b), respectively, except for
the switch off state. Parameters: V0/λ

0.5
0 = 0.1ω0, εi = 2.7ω0, g =

0.09ω0, kw=0.01k0, γc = 0.005ω0, and γa = 0.

87Rb atom could be in resonance or out of resonance with
the cavity by adjusting the external electrostatic field. These
two situations give the switch on and off states, respectively.
Because the single photon pulse contains many plane-wave
components, the on/off ratio decreases for increasing the pulse
width, which can be overcome by increasing the coupling
between the waveguide and cavity. For the Rabi coupling
there is a best choice, being about several percent of the
incident photon energy. Moreover, the atom dissipation shows
a weaker influence on the on/off ratio with respect to the cavity
dissipation. For the widely used values of the model parameters
the on/off ratio can be larger than 100, and simultaneously
the decay time and rise time are both about 0.75 ns. The
transition energy of the two-level Rydberg atom gives the
switch operating frequency, being 2π × 27 GHz in this work.
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At last, the master equation of the density matrix was used to
demonstrate that the on/off ratio can be reduced by the quantum
noise but is still large enough for application. Therefore, the
designed single photon switch is viable in practice and has
potential in quantum informatics.
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