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Multichannel Adjustable Single-Photon Router Based on Large Detuning
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Quantum router as a key device in quantum information processing always attracts researchers’ atten-
tion. This work suggests a single-photon (SP) router based on one bus-waveguide side coupled to
numerous Jaynes-Cummings emitters (JCEs). Each JCE connects with a semi-infinite branch waveguide
as an output channel. Different from the commonly used scheme that the JCEs are set in the tuning regime,
we here let them work in the large-detuning regime. This change brings about the following amazing ben-
efits for the SP router. Firstly, the number of channels can reach more than a thousand. Secondly, the
router is adjustable, that is, the SP can be routed into any output channel on demand. Thirdly, the router
has a remarkable monochromaticity. Fourthly, such a SP router can also depress the influence of cavity
losses and interferential levels in atoms. Finally, the routing probability can reach approximately 100%
for each channel by adding a mirror and a phase shifter to the end of the bus waveguide. This work takes
the Rydberg atoms 87Rb whose levels can be adjusted by an external electrostatic field as an example to
demonstrate the feasibility of the router, which can be applied to quantum informatics.
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I. INTRODUCTION

One-dimensional waveguide-QED systems [1] in recent
decades have deeply attracted researchers due to their
simple structures and extensive applications in quantum
informatics. The waveguides are often coupled to quantum
emitters like quantum dots [2,3], two-level systems [4],
such as two-level atoms [5], and side optical cavities [6].
Sometimes side optical cavities contain two-level atoms to
form the so-called Jaynes-Cummings emitters (JCEs) [7]
or contain Kerr medium [8]. It is these waveguide-based
architectures that rouse the development in the waveguide-
QED field. Researchers have discovered many significant
phenomena, such as electromagnetically induced trans-
parency [9,10], Fano resonance [11,12], polarization effect
[13], slow light behavior [9], and multiphoton transmission
[14,15], which are used to design optical switches [16,17],
quantum circuits [18], superconducting single-photon (SP)
detectors [19], SP transistors [20], photon memories [21],
band filters [22], and many other potential devices [23,24].

Quantum routers, routing the incident quantum bits to
different output ports with phase coherence, are a key
type of building block in quantum information process-
ing. The control signals can be either quantum or classical,
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corresponding to the fully quantum routers [25,26] or clas-
sically controlled ones [27–29], respectively. The quan-
tum routers have been implemented on the platforms of
superconducting circuits [26,30,31] and waveguide-QED
systems [32]. Using waveguide-QED systems, researchers
have suggested a number of schemes for the SP routing
[27,28,33–45], but most of which have too few channels
[27,28,38,42,45–47]. Note that the channels here repre-
sent the waveguides for outputting signals, rather than the
commonly used notion in information processing, i.e., a
frequency range within the work band of a device. By con-
trolling the transition energies of the two-level systems and
their coupling strengths with the waveguides, researchers
could also achieve the SP router with multiple channels
[36]. In view of application, these quantum routers, gen-
erally speaking, need improvement in part or all of the
following aspects. Firstly, improving the number of chan-
nels to satisfy the need of information transport. Secondly,
improving the adjustability of the routers to allow users to
change the output channel for a SP in a settled architecture.
Thirdly, the routing channel in most of the proposed quan-
tum routers is commonly not monochromatic and there-
fore, can accept many plane-wave components [27,46],
which makes it difficult to classify a great deal of infor-
mation. This third point leads to the fourth one, that is, if
the spectra of output channels have very narrow peaks, the
quantum routers should depend less on the system losses.
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To overcome these disadvantages, this work puts for-
ward an alternative scheme to realize the SP quantum
router that is not only adjustable but also can hold plenty of
output channels. The background physics is to let the JCEs
work in the large-detuning regime [49], different from
those previously proposed routers where the JCEs work
in the tuning regime. Our model, schematically plotted in
Fig. 1(a), consists of a bus waveguide and N semi-infinite
branch ones, similar to the structure used in Ref. [50]. The
bus and branch waveguides are taken as the input chan-
nel and output ones, respectively. Each branch waveguide
is bridged to the bus one by a JCE. Note that there is
only one terminal in the semi-infinite branch waveguide
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FIG. 1. (a) Schematic diagram of the bus and branch waveg-
uides, connected by N JCEs. The nth JCE is placed at xn. tn,
rn, and χn denote the amplitudes of the transmission, reflection,
and scattering in the system, respectively. There is a Rydberg
atom of 87Rb in each JCE and the transition energy between
the concerned two Rydberg levels can be tuned by an external
electrostatic field, as shown in (b). We focus on the transition
frequency range of [ω1, ω2] = [0.9ω0, 1.1ω0] with ω0 = 2π ×
1010 Hz, where ω1 and ω2 correspond to the electrostatic fields
of 544.2 V/cm and 542.6 V/cm, respectively. Details are in
Ref. [48].

for the SP output, while there are two in the infinite waveg-
uide. Accordingly, the branch waveguides are taken to be
semi-infinite here to benefit the routing probability. We
focus on the microwave band, as an example, to demon-
strate the feasibility of the model in this work, that is,
around the angular frequency of ω0 = 2π × 1010 Hz with
the corresponding wavelength λ0 = 3 cm and wave vector
k0 ≡ 2π/λ0. This scheme is also suitable for other wave-
bands, as long as the model parameters are chosen for
those. In the microwave band, every JCE is assumed to
contain one microwave cavity and one embedded Rydberg
atom 87Rb.

Such a model in Fig. 1(a) can serve as a multichan-
nel adjustable SP router and has the merits as follows:
(i) the number of channels can reach more than a thou-
sand; (ii) the SP can be routed into any output channel as
required and therefore, the router is adjustable; (iii) the
router not only has a remarkable monochromaticity but
also (iv) can depress the influence of cavity losses and
interferential levels in atoms. To discuss such a router, this
work is organized as follows. In Sec. II, we firstly intro-
duce the Hamiltonian and related parameters in the model
and then derive the amplitudes of the transmission (tn),
reflection (rn), and scattering (χn), denoted in Fig. 1(a).
Section III includes two cases, according to whether the
two-level atoms are considered or not. Based on them,
why the large-detuning mechanism of the JCEs can lead
to such a multichannel adjustable SP router is shown. In
Sec. IV, the loss effects of cavities and two-level atoms
and the influence of interferential levels in atoms are dis-
cussed. What is more, an updated scheme that can lead
to the routing probability of up to approximately 100%
is suggested. Since researchers have realized waveguide-
QED [51] and cavity-atom [52,53] systems in experiments,
including quantum routing [26,30,32], the proposed quan-
tum router should be practical. Finally, a brief conclusion
is summarized in Sec. V.

II. HAMILTONIAN AND FORMULAS

The Hamiltonian of the whole system in Fig. 1(a) can be
separated into

H = Hbus + HJCE + Hbranch

+ HJCE-bus + HJCE-branch, (1)

where Hbus, HJCE, Hbranch, HJCE-bus, and HJCE-branch, respec-
tively, describe the bus waveguide, all JCEs, all branch
waveguides, interactions between the bus waveguide and
each JCE, and interactions between each JCE and corre-
sponding branch waveguide. For convenience, the Plank
constant is set to � = 1 throughout the work. The x axis
is along the horizontal direction with the nth JCE locating
at xn and the y axis is along the vertical direction with the
bottom of all branch waveguides at y = 0, see Fig. 1(a).
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The distances between any adjacent JCEs are the same,
denoted as d.

In the real space, the Hbus reads [1]

Hbus =
∫ ∞

−∞
dxR̂†(x)

(
ω0 − vgk0 − ivg∂x

)
R̂(x)

+
∫ ∞

−∞
dxL̂†(x)

(
ω0 − vgk0 + ivg∂x

)
L̂(x), (2)

where R̂†(x) and R̂(x) [L̂†(x) and L̂(x)] represent the cre-
ation and annihilation field operators for the rightward-
moving (leftward-moving) photons at coordinate x in the
bus waveguide. The dispersion of the bus waveguide is
linearized as ε = ω0 ± vg(k − k0) at the frequency ω0
with the corresponding wave vector k0 and group veloc-
ity vg . Such a linearization is reasonable in a narrow
frequency range, which has been widely used for study-
ing the transport of photons in a quantum waveguide as
the nonlinear effect of the dispersions can be neglected
[1,54]. In this work, the range is assumed to be [ω1, ω2] =
[0.9ω0, 1.1ω0].

The branch waveguides are described by the Hamilto-
nian Hbranch, namely,

Hbranch =
N∑

n=1

∫ ∞

0
dyÛ†

n(y)
(
ω0 − vgk0 − ivg∂y

)
Ûn(y).

(3)

Û†
n(y) and Ûn(y) are the creation and annihilation operators

of the upward-moving photons in the nth branch waveg-
uide, respectively. There is no downward-moving photons
in any branch waveguide. Without loss of generality, the
dispersions of all branch waveguides are taken to be the
same as that of the bus one.

Under an external electrostatic field, HJCE has the form
[17,48],

HJCE =
N∑

n=1

[
ω̃c

nĉ†
nĉn + ω̃a

nσ̂
+
n σ̂−

n +	(ĉ†
nσ̂

−
n + ĉnσ̂

+
n )

]
,

(4)

where ω̃c
n = ωc

n − iγ c
n with the eigenfrequency ωc

n and loss
γ c

n of the nth cavity, and ω̃a
n = ωa

n − iγ a
n with the transition

energy ωa
n and loss γ a

n for the 87Rb in the nth cavity. The
lowering (raising) operator of the 87Rb is denoted as σ̂−

n
(σ̂+

n ) and the annihilation (creation) one of the photon is
denoted as ĉn (ĉ†

n). 	 measures the Rabi coupling strength
between the atom and cavity in each JCE. The hybrid
modes in each JCE can be found from the eigenequation,

(
ω̃c

n 	

	 ω̃a
n

) (
z±

c
z±

a

)
= ε±

n

(
z±

c
z±

a

)
, (5)

where

ε±
n = 1

2

(
ω̃a

n + ω̃c
n ±

√
(ω̃a

n − ω̃c
n)

2 + 4	2

)
, (6)

z±
c = 	/

√
(ε±

n −ω̃c
n)

2 + 	2, (7)

z±
a = (ε±

n −ω̃c
n)/

√
(ε±

n −ω̃c
n)

2 + 	2. (8)

The mode with the eigenvalue ε±
n has the photon (atom)

amplitude z±
c (z±

a ). The energy levels of the 87Rb atoms
can be tuned by an external electrostatic field [55]. One
example is shown in Fig. 1(b), namely, the variation of
the two concerned Rydberg levels of 87Rb with the elec-
trostatic field [48]. This work considers the transition
energy of 87Rb, ωa

n ∈ [ω1, ω2] ≡ [0.9ω0, 1.1ω0] where ω1
and ω2 correspond to the electrostatic fields of 544.2 and
542.6 V/cm, respectively. In experiments, such an elec-
trostatic field on the nth JCE is controlled by the applied
electric potential Un, see Fig. 1(a). Apart from the two-
level atoms, the energy spectra of some other two-level
type emitters such as quantum dots can also be adjusted
by the external electrostatic fields [56,57].

As for HJCE-bus and HJCE-branch [1,54], they can be
written as

HJCE-bus =
N∑

n=1

∫ ∞

−∞
dxV0δ(x − xn)

×
[
R̂†(x)ĉn + L̂†(x)ĉn + h.c.

]
, (9)

HJCE-branch =
N∑

n=1

∫ ∞

0
V0δ(y)

[
Û†

n(y)ĉn + h.c.
]

. (10)

The couplings of all cavities with the bus and branch
waveguides are taken to be δ type [1,54,58] with identical
strengths, i.e., V0δ(x − xn) and V0δ(y), which are available
as the non-δ-coupling effect can be neglected [59].

In order to investigate the transmission, reflection, and
scattering properties, we start from the following single-
particle wave function,

|�〉 =
N∑

n=1

[(Cnĉ†
n + Anσ̂

+
n

) +
∫ ∞

0
dyUn(y)Û†

n(y)

]
|∅〉

+
∫ ∞

−∞
dx[R(x)R̂†(x) + L(x)L̂†(x)] |∅〉 . (11)

Here, |∅〉 represents the vacuum state, i.e., no photon in
any waveguide or any cavity and all atoms are in their
ground states. Cn and An represent the excitation ampli-
tudes of the cavities and Rydberg atoms in the nth JCE,
respectively. R(x) [L(x)] is the wave function of the
rightward-moving (leftward-moving) photon in the bus
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waveguide and Un(y) is the wave function of the upward-
moving photon in the nth branch waveguide. Substituting
Eqs. (1)–(4) and (9)–(11) into the eigenequation,

H |�〉 = ε |�〉 , (12)

one can get the equation set,

εR(x) = (
ω0 − vgk0 − ivg∂x

)R(x)

+
N∑

n=1

V0δ(x − xn)Cn, (13a)

εL(x) = (
ω0 − vgk0 + ivg∂x

)L(x)

+
N∑

n=1

V0δ(x − xn)Cn, (13b)

εCn = ω̃c
nCn + 	An

+ V0 [R(xn) + L(xn)] + V0Un(0), (13c)

εAn = ω̃a
nAn + 	Cn, (13d)

εUn(y) = (ω0−vgk0−ivg∂y)Un(y) + V0Cnδ(y), (13e)

for Cn, An, R(x), L(x), and Un(y). Here, ε represents the
energy of the incident photon. The waves in the bus and
branch waveguides have the forms [54]

L(x) = e−ikx
[

r0θ(x1 − x) + rN θ(x − xN )

+
N−1∑
n=1

rnθ(x − xn)θ(xn+1 − x)
]

, (14a)

R(x) = eikx
[

t0θ(x1 − x) + tN θ(x − xN )

+
N−1∑
n=1

tnθ(x − xn)θ(xn+1 − x)
]

, (14b)

Un(y) = eikyχnθ(y), (14c)

where θ(x) is the unit step function. tn, rn, and χn denote
the amplitudes of the transmission, reflection, and scatter-
ing in the system, respectively, see Fig. 1(a).

Substituting Eq. (14) into Eq. (13), we can finally arrive
at the following equations:

tn = tn−1 + V0

ivg
e−ikxnCn, (15a)

rn = rn−1 − V0

ivg
eikxnCn, (15b)

χn = V0

ivg
Cn, (15c)

Cn = V0
(tn + tn−1) eikxn + χn + (rn + rn−1) e−ikxn

2
(
ε − ωc

n + iγ c
n − 	2

ε−ωa
n+iγ a

n

) , (15d)

where n = 1, 2, . . . , N and Cn is the excitation amplitude
in the nth cavity. Since t0 and rN are known for a spe-
cific problem, the transmissivity, reflectivity, and scattering
probabilities can be obtained by

T = |tN |2 , R = |r0|2 , Sn = |χn|2 . (16)

Hereafter, we focus on the scattering spectra Sn in this
work to show the routing of the system.

III. NUMERICAL RESULT AND DISCUSSION

This section is divided into two subsections to show
why the large-detuning mechanism of the JCEs can lead to
a multichannel adjustable SP router. The two-level atoms
are neglected (	 = 0) in Sec. III A, while are considered
(	 �= 0) in Sec. III B. In this section, the bus waveguide
is considered to be infinite length and the parameters of
t0 = 1 and rN = 0 are adopted in calculation. For conve-
nience, the loss influences of cavities and atoms are not
taken into account in these two cases.

A. Without atoms (� = 0)

This subsection starts from the simple and intuitive
example that all JCEs are replaced by the cavities, that is,
the effect of the two-level atoms is ignored (i.e., 	 = 0).
We see that such an example cannot overcome all the
disadvantages summarized above for a quantum router,
though it can rout SPs indeed.

Figures 2(a) and 2(b) show the three- and six-cavity
cases, respectively, for which the cavity frequencies are
set to ωc

n = [0.94 + 0.06(n − 1)]ω0 (n = 1, 2, 3) and ωc
n =

[0.93 + 0.03(n − 1)]ω0 (n = 1, 2, . . . , 6). Obviously, each
Sn has a scattering peak when ε = ωc

n and tends to zero
when ε is away from ωc

n, implying that the SPs with fre-
quency ωc

n can only output from the nth-branch waveguide
apart from the right of the bus waveguide. This phe-
nomenon can be used to separate the SPs with different
frequencies, serving as a quantum filter. Compared with
the previously proposed quantum routers [28,45], such a
design could realize multichannel routing by increasing
more branch waveguides and cavities. The limit on the
number of channels is mainly determined by the FWHM
of Sn, being 3

√
2V (V ≡ V2

0/vg hereafter). To make sure
all Sn peaks do not interfere with each other, the mutual
eigenfrequency differences between any two cavities had
better be larger than 20V (about five times of 3

√
2V). This

criteria leads to the limit of approximately 10 for the num-
ber of the branch waveguides in the range of [0.9, 1.1]ω0
in Fig. 2.

Although multichannel routing in Fig. 2 is realized, the
disadvantages listed above are not all overcome satisfacto-
rily. On the one hand, the number of output channels (i.e.,
the number of branch waveguides) is not large enough. On
the other hand, the routing path of the SPs with a certain
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(a) (b)

FIG. 2. Scattering spectra Sn for (a) the case with three cavities
(N = 3) with ωc

n = [0.94 + 0.06(n − 1)]ω0 (n = 1, 2, 3) and (b)
the case with six cavities (N = 6) with ωc

n = [0.93 + 0.03(n −
1)]ω0 (n = 1, 2, . . . , 6). Note that the two-level atoms are not
considered in both cases. Other parameters: d = 1.25λ0, vg =
0.5ω0/k0, V ≡ V2

0/vg = 0.001ω0, and γ c
n = 0.

frequency cannot be changed in a settled structure, since
the eigenfrequencies of cavities are commonly fixed once
the cavities are fabricated. Accordingly, we turn to the
following scheme, i.e., embedding a two-level atom into
every cavity to form the JCE, see the following subsection.

B. With atoms (� �= 0)

Using the property that the transition energy of 87Rb
can be adjusted by an external electrostatic field [48], we
can change ωa

n in the range of [0.9ω0, 1.1ω0]. Eight out-
put channels (N = 8) are considered as an example in
Fig. 3. Figure 3(a) shows the tuning case, that is, ωa

n ≡
ωc

n = [0.96 + 0.01(n − 1)]ω0 with n = 1, 2, . . . , 8, where
there are two peaks for each Sn, located at ε±

n = ωa
n ± 	,

referred to Eq. (6). The peaks in the left and right groups
correspond to ε−

n and ε+
n , respectively. Since the light from

each branch waveguide has two energy centers, the system
is not suitable to serve as a router in this case. Compared
with Fig. 2, the peak widths in Fig. 3(a) almost do not
change, implying an invariance of the number of channels
acceptable in the frequency range of [0.9ω0, 1.1ω0]. In all,
when the JCEs are in the tuning case, the system cannot
work as a satisfactory router, similar to the case without
atoms discussed in the last subsection.

However, when the JCEs work in the large detuning
regime, that is, the detuning value �n ≡ ωc

n − ωa
n � 	, the

peaks of Sn become very narrow, see Figs. 3(b) and 3(c)
where all cavity eigenfrequencies are set to ωc

n = 2ω0 and
thus �n ≈ ω0 � 	 = 0.05ω0. For ωc

n = 2ω0, the bonding
states with ε−

n are in the interested range of [0.9ω0, 1.1ω0],
while those antibonding ones with ε+

n are far away from
ω0 and thus can be neglected. The narrow widths of the
Sn peaks in Figs. 3(b) and 3(c) mean that the light from
the branch waveguide has a remarkable monochromaticity,
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S n
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S1 S8

FIG. 3. Scattering spectra Sn for (a) the tuning case with
ωc

n ≡ ωa
n = [0.96 + 0.01(n − 1)]ω0 and (b, c) the large detun-

ing cases with ωc
n = 2ω0 and ωa

n = [0.96 + 0.01(n − 1)]ω0 in
(b) and with ωc

n = 2ω0 and ωa
n = [1.03 − 0.01(n − 1)]ω0 in (c),

where n = 1, 2, . . . , N with N = 8. Note that the two-level atoms
are considered in all cases here. Other parameters: d = 1.25λ0,
vg = 0.5ω0/k0, V ≡ V2

0/vg = 0.001ω0, γ c
n = γ a

n = 0, and 	 =
0.05ω0.

which can lead to a large number of channels acceptable in
the range of [0.9ω0, 1.1ω0].

Note that ωc
n and ωa

n are changed simultaneously in the
tuning case of Fig. 3(a), while only ωa

n is tuned in the large-
detuning cases of Figs. 3(b) and 3(c). The latter brings
us benefits because ωc

n is mainly determined by the cav-
ity geometry, not easy to be changed. For this reason, the
design that all cavities of the JCEs are taken to be identi-
cal (with the same eigenfrequencies) not only benefits the
fabrication of the structure in experiments but also permits
researchers to choose the output channel for the photon
as required. The way is to adjust the transition energy of
each 87Rb by an electrostatic field [48]. The examples with
eight branch waveguides are provided in Figs. 3(b) and
3(c) where the transition energies of 87Rb are set to ωa

n =
[0.96 + 0.01(n − 1)]ω0 and ωa

n = [1.03 − 0.01(n − 1)]ω0,
respectively, both corresponding to the branch waveguides
from left to right in Fig. 1(a). The curves with the same
color in Figs. 3(b) and 3(c) mean that the photon scattered
into the nth-branch waveguide in Fig. 3(b) is routed to the
(9 − n)th one in Fig. 3(c). Accordingly, the output chan-
nel of a photon in such a settled structure can be changed
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merely by adjusting ωa
n through an applied electrostatic

field.
To find out how many branch waveguides we can place

in the quantum router in the interested frequency range of
[0.9ω0, 1.1ω0], we investigate the relationship between the
FWHM of the scattering peaks and ωc

n (or �n). For the case
with only one JCE in the system, we plot the FWHM of S1
as a function of the cavity eigenfrequency ωc in Fig. 4(a).
It is obvious that the FWHM sharply decreases with the
increase of ωc. Concretely speaking, the FWHM decreases
from 1.5 × 10−3ω0 to 7.5 × 10−6ω0 (1.9 × 10−6ω0), about
200 (790) times, when ωc moves from ω0 to 2ω0 (3ω0).
This implies that the number of the branch waveguides can
reach a very large value within a certain frequency window
in the large detuning regime. The example provided in Fig.
4(b), with 210 branch waveguides, takes ωc = 2.3ω0, cor-
responding to the FWHM of approximately 4.5 × 10−6ω0.
Due to the limited space, Fig. 4(b) presents an illusion that
the scattering peaks are consecutive. To avoid this, 15 scat-
tering spectra from S516 to S530 are enlarged in Fig. 4(c) for
clear observation. In fact, we also confirm the feasibility of
the case with 211 branch waveguides by numerical calcula-
tion. The limit on the number of channels is determined by
the FWHM of the scattering peak. If using the criteria that
the frequency difference between the two adjacent scat-
tering peaks is 10 times larger than the FWHM, one can
get that more than 212 channels could be accommodated
in the frequency range of [0.9ω0, 1.1ω0]. This example
proves that the architecture designed in Fig. 1(a) can work
as the router with an amazing number of channels. Note
that the disorder in waveguides may have an influence on
the scattering peaks, particularly when the peaks are nar-
row. Fortunately, the topological waveguides have been
proposed and studied in theory [60] and achieved in exper-
iment [61], which can significantly depress the influence
of disorders.

About this multichannel router, there are two questions
that we should answer. One is why such a multichannel
router requires the large detuning between the cavities and
their corresponding embedded two-level atoms. The other
is that the peak values of the scattering spectra are all
about 0.44, see Figs. 3(b) and 3(c) and 4(b) and 4(c). To
answer these two questions, we firstly substitute Eq. (15c)
into Eq. (15d) to eliminate χn, then substitute Cn into Eqs.
(15a)–(15c) to eliminate Cn, and finally obtain

tn = tn−1+ηn
[
(tn+tn−1) + (rn+rn−1) e−i2kxn

]
, (17a)

rn = rn−1−ηn
[
(tn+tn−1) ei2kxn + (rn+rn−1)

]
, (17b)

χn = ηn
[
eikxn(tn+tn−1) + e−ikxn(rn+rn−1)

]
, (17c)

(a)

(b)

(c)

FIG. 4. (a) Variation of the FWHM of S1 with ωc
1 in the case

with only one JCE. Other parameters: ωa
1 = ω0, V = 0.001ω0,

vg = 0.5ω0/k0, γ c
1 = γ a

1 = 0, and 	 = 0.05ω0. (b) Scattering
spectra Sn for the large-detuning case with 210 JCEs (i.e., N =
210), where ωc

n = 2.3ω0 and ωa
n = [0.905 + 0.19/N (n − 1)] ω0

with n = 1, 2, . . . , N . Other parameters: V ≡ V2
0/vg = 0.001ω0,

vg = 0.5ω0/k0, 	 = 0.05ω0, d = 1.25λ0, and γ c
n = γ a

n = 0. (c)
Enlargement of the part of (b) around the frequency ω0.

with

ηn = −iV
2ξn + iV

, ξn = ε − ω̃c
n − 	2

ε − ω̃a
n

. (18)

Let us neglect the loss influence here. If |ξn| � V we have
ηn → 0 and thus, all tn tend to 1, implying all Sn → 0
under this constraint. Because |ξn| can be expanded as

|ξn| = |ε − ε−
n |�

2
n

	2 , (19)

at ε−
n , the constraint of |ξn| � V leads to the large detuning,

�n � 	. That is, as the JCEs work in the large-detuning
regime the scattering probability Sn tends to zero if the
frequency of the incident photon ε is not equal to ε−

n .
In contrast, when the frequency of the incident photon

meets the level of the bonding state of the mth JCE, i.e.,
ε = ε−

m (ε �= ε−
n |n�=m), we can immediately find

tn ≈ t0 and rn ≈ r0, when n ≤ m − 1, (20a)

tn ≈ tN and rn ≈ rN , when n ≥ m. (20b)
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Since ξm = 0 when ε = ε−
m , we have ηm = −1. Using this

relation and substituting Eqs. (18) and (20) into Eq. (17),
we can find T, R, and Sn as

T = 1
9

, R = 4
9

, Sn|n�=m = 0, Sm = 4
9

. (21)

Accordingly, the peak value of Sm is about 0.44. This con-
clusion is irrelevant to the value of V and thus ensures the
availability of the router.

IV. DISCUSSION FOR APPLICATION

In view of application, there are some factors that may
influence the work of the router. Here, three factors are
considered, that is, the system losses, the interferential
levels in atoms, and the way to increase the routing proba-
bility. According to them, this section is divided into three
parts. We discuss the influence of the system losses in
Sec. IV A, analyze the effects of the interferential levels in
atoms in Sec. IV B, and demonstrate a technique to make
the routing probability be able to reach 100% in Sec. IV C.
The bus waveguide is also considered to be infinite length
in Sec. IV A and Sec. IV B, for which t0 = 1 and rN = 0.

A. Influence of losses

On the influence of the system losses, the cavity losses
almost do not influence the scattering spectra Sn when the
JCEs work in the large detuning regime, i.e., �n � 	. The
reason for this is that the photon component of the bonding
state in each JCE (with the energy ε−

n ) is proportional to
|z−

c |2 ≈ 	2

�2
n
, much less than 1 when �n � 	. In contrast,

the atom component approximates |z−
a |2 ≈ 1, implying the

strong influence of the atom losses on the scattering spec-
tra. These arguments can be derived from Eqs. (5)–(8) by
doing some algebraic simplification. To confirm these, we
plot the scattering spectra with the losses of cavities and
atoms in Fig. 5. For convenience, we set all γ c

n (γ a
n ) equal

to each other, i.e., γ c
n ≡ γc (γ a

n ≡ γa). From Figs. 5(a) and
5(b), we can see that the peak values decrease significantly
with the increase of γa. However, Figs. 5(c) and 5(d) show
that the peak values almost do not decrease as γc increases.
As a result, the system is not sensitive to the cavity losses
and the major influence of losses is from the atoms. For-
tunately, the loss rate of Rydberg atoms can be less than
104 Hz [62], about 10−6ω0 here. Figure 5(a) shows that
the peak values are larger than 0.25 when γa = 10−6ω0,
which is acceptable for a practical router. To summarize,
the large detuning can depress the influence of the cavity
losses. When γ a

n = 10−6ω0 is taken, all scattering spectra
keep the line form, only with a little decrease of the peak
values, indicating that the router is feasible.

(a) (b)

(d)(c)

FIG. 5. Scattering spectra Sn under different losses. In (a)
γa = 10−6ω0 and γc = 0; in (b) γa = 10−5ω0 and γc = 0; in
(c) γa = 0 and γc = 10−5ω0; and in (d) γa = 0, γc = 10−4ω0.
Other parameters: ωc

n = 2ω0, ωa
n = 0.96 + 0.01(n − 1)ω0 (n =

1, 2, . . . , 8), d = 1.25λ0, vg = 0.5ω0/k0, V ≡ V2
0/vg = 0.001ω0,

and 	 = 0.05ω0.

B. Influence of interferential levels in atoms

In the Rydberg atoms, there are plenty of energy levels.
When we consider the detuning transitions of the Rydberg
atoms (with respect to the cavity modes), there may exist
the tuning transitions that couple to the cavity modes. Are
these interferential tuning transitions harmful to the per-
formance of the suggested router? This section takes the
V- and �-type atoms [63,64] as examples to explore this
question, see Figs. 6(a) and 6(b). The V-type atom shares
the same ground state |g〉 with two excited states |ea〉 and
|ei〉. The transition energy between |ea〉 and |g〉 equals ωa

n,
the same as that in the two-level atom used in Figs. 3 and
4. The transition energy between |ei〉 and |g〉 is denoted as
ωi

n, taken as the interferential term. For the �-type atom, it
has two ground states |ga〉 and |gi〉 with one excited state
|e〉. The interferential term is the transition between the |gi〉
and |e〉. The transition energy between |ga〉 and |e〉 equals
that in the two-level atom, i.e., ωa

n.
The coupling between each of these two types of atoms

with the cavity leads to a quantum emitter like the JCE.
The two corresponding quantum emitters have the same
Hamiltonian [65],

Hemitter =
N∑

n=1

[(
ωc

nĉ†
nĉn + ωa

nσ̂
a+
n σ̂ a−

n + ωi
nσ̂

i+
n σ̂ i−

n

)

+	(ĉ†
nσ̂

a−
n + ĉ†

nσ̂
i−
n + h.c.)

]
, (22)
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(a) (b)

(c) (d)

FIG. 6. Energy-level schematic diagrams for the V-type (a)
and �-type (b) atoms in the nth quantum emitter. Both of them
have three energy levels and two transition energies (ωa

n and
ωi

n). (c),(d) are the scattering spectra Sn. In (c) ωa
n = [0.96 +

0.01(n − 1)]ω0 and in (d) ωa
n = [1.03 − 0.01(n − 1)]ω0, where

n = 1, 2, . . . , N with N = 8. Other parameters: ωi
n = ωc

n = 2ω0,
d = 1.25λ0, vg = 0.5ω0/k0, V ≡ V2

0/vg = 0.001ω0, and 	 =
0.05ω0.

where σ̂ a−
n and σ̂ a+

n (σ̂ i−
n and σ̂ i+

n ), respectively, represent
the lowering and raising operators between the two levels
with the transition energy ωa

n (ωi
n), see Figs. 6(a) and 6(b).

Without loss of generality, we assume that like in Sec. II,
ωa

n can be adjusted in the range of [0.9ω0, 1.1ω0] and ωi
n is

always settled to be ωi
n ≡ ωc

n = 2ω0. Apart from the quan-
tum emitters, the Hamiltonians of the other parts in the
whole system are identical to those described in Sec. II.
However, the single-particle state should be changed into

|�〉 =
N∑

n=1

[ (Cnĉ†
n + Aa

nσ̂
a+
n + Ai

nσ̂
i+
n

)

+
∫ ∞

0
dyUn(y)Û†

n(y)

]
|∅〉

+
∫ ∞

−∞
dx[R(x)R̂†(x) + L(x)L̂†(x)] |∅〉 , (23)

where Aa
n (Ai

n) represents the excitation amplitude of the
three-level atom corresponding to ωa

n (ωi
n) in the nth quan-

tum emitter. Using the same method in Sec. II, we can get
the equation set for Cn, Aa

n, Ai
n, R(x), L(x), and Un(y) as

follows:

εR(x) = (
ω0 − vgk0 − ivg∂x

)R(x)

+
n∑

n=1

V0δ(x − xn)Cn, (24a)

εL(x) = (
ω0 − vgk0 + ivg∂x

)L(x)

+
n∑

n=1

V0δ(x − xn)Cn, (24b)

εCn = ωc
nCn + 	(Aa

n + Ai
n)

+ V0 [R(xn) + L(xn)] + V0U(0), (24c)

εAa
n = ωa

nAa
n + 	Cn, (24d)

εAi
n = ωi

nAi
n + 	Cn, (24e)

εUn(y) = (ω0−vgk0−ivg∂y)Un(y) + V0Cnδ(y). (24f)

Further, substituting the wave functions in Eq. (14) into
Eq. (24) yields

tn = tn−1 + η′
n

[
(tn+tn−1) + (rn+rn−1) e−i2kxn

]
, (25a)

rn = rn−1 − η′
n

[
(tn+tn−1) ei2kxn + (rn+rn−1)

]
, (25b)

χn = η′
n

[
eikxn(tn + tn−1) + e−ikxn(rn + rn−1)

]
, (25c)

with

η′
n = −iV

2ξ ′
n + iV

, (26)

ξ ′
n = ε − ωc

n − 	2[(ε − ωa
n) + (ε − ωi

n)]
(ε − ωa

n)(ε − ωi
n)

. (27)

Using Eq. (25), one can calculate the scattering spec-
tra Sn ≡ |χn|2 for the cavities with the three-level atoms,
see Fig. 6(c) where eight channels are taken as an exam-
ple. In Fig. 6(c), we set ωa

n = [0.96 + 0.01(n − 1)]ω0 with
n = 1, 2, . . . , 8. If we reversely set ωa

n = [1.03 − 0.01(n −
1)]ω0, the output channel for a certain photon will be
changed, comparing Fig. 6(d) with Fig. 6(c). The curves
with the same color mean that the photon scattered into the
nth-branch waveguide in Fig. 6(c) is routed to the (9 − n)th
one in Fig. 6(d). Accordingly, the interferential levels show
a negligible influence on the router, even when their cor-
responding transitions are tuned to the cavity mode. Note
that this is also because the quantum emitters work in the
large detuning regime.
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C. Increasing routing probability

High routing efficiency is vital for a quantum router in
application. The SP router discussed above has the routing
probability of less than 0.5 in theory. Can all the rout-
ing probabilities Sn be improved to approximately 100%?
Equation (21) implies that the loss of routing probability
is due to nonzero R and T. This suggests us to refit the
SP router by adding a mirror and a phase shifter [66] to
the right terminal of the bus waveguide, see Fig. 7(a). The
rightward-moving SP can be reflected completely when
it meets the mirror, leading to |rN | = |tN |. After taking
the induced phase δ into account, we can write down
rN = tN eiδ . This refit can increase the routing probability
to approximately 100% by tuning δ.

Owing to rN �= 0, the peak position of Sn is no longer
at ε−

n strictly and has a small deviation from it with a
magnitude V (see later). For convenience, we denote the
peak position of Sn as En. Because En approximates ε−

n ,
the analysis for Eq. (20) is also available for analyzing

(b) (c)

(a)

Mirror

Phase shifter

tN

rN = tNei

FIG. 7. (a) Schematic diagram of the refitted structure
by adding a mirror and a phase shifter to the end of
the bus waveguide. The mirror can reflect the rightward-
moving wave completely. The phase shifter brings a phase
shift δ to the reflected wave, i.e., rN = tN eiδ . (b) Varia-
tion of S1 with the SP frequency ε and the phase δ, for
which only one branch waveguide is considered. Parame-
ters: ωa

1 = ω0, ωc
1 = 2ω0, x1 = 0. (c) Scattering peaks Sn for

ωa
n = [0.96 + 0.01(n − 1)]ω0, ωc

n = 2ω0, and δ = δ+
n , with n =

1, 2, . . . , 8. Other parameters: d = 1.25λ0, vg = 0.5ω0/k0, V ≡
V2

0/vg = 0.001ω0, γ c
1 = γ a

1 = 0, and 	 = 0.05ω0.

the transmission and reflection coefficients, tn and rn, if the
incident photon has the frequency ε = Em. That is, Eq. (20)
also works for ε = Em. Combining t0 = 1 and rN = tN eiδ ,
we can find

r0|ε=Em = 2η1 + (1 + 2η1)ei(δ−2kxm)

(1 − 2η1) − 2η1ei(δ−2kxm)
ei2kxm . (28)

Because there is no leak of the SP at the right terminal of
the bus waveguide, one can expect Sm|ε=Em = 100% when
r0|ε=Em = 0, which leads to

δ = δ±
m ≡ 2kxm ± 2π

3
+ 2j π , (29)

ξm = ±
√

3
2

V. (30)

There are two possible values δ±
m for the phase δ if the inte-

gral multiple of 2π is neglected. The corresponding two
Em (E±

m ) are determined by Eq. (29),

E±
m ≈ε−

m±
√

3
2

	2

�2
m

V. (31)

Accordingly, one can expect the routing probability Sm ≈
100% at ε = E±

m when setting δ = δ±
m , respectively.

To verify this analysis, the case with only one channel
located at x = 0 is studied in Fig. 7(b) where the routing
probability S1 is plotted as a function of the phase δ and
the energy deviation ε − ε−

1 . The routing probability S1 has
two positions in energy to approach 100% and presents
periodical variation with the phase. Accordingly, it is in
practice to improve the routing probability by adding a
mirror and a phase shifter to the right terminal of the bus
waveguide. Such a refit for the case with eight channels is
shown in Fig. 7(c). The peak values of all scattering spec-
tra can reach 100% now. These two examples confirm the
effectiveness of the refitting technique.

Photons are a kind of ideal carrier in the long-distance
transport of quantum information, since they not only have
no direct mutual influence but also commonly show a
very weak interaction with environment. The intuitive and
useful application of the proposed router is to distribute
the photons carrying information. Let us consider that the
information is encoded into the photon momentum. Due
to the one-to-one relationship between momentum and
energy, the incident SPs, carrying different momentum in
the bus waveguide, would be routed to different channels,
so that information separation is achieved for subsequent
processing.

V. CONCLUSION

To summarize, this work suggests an adjustable
multichannel SP router based on one-dimensional bus
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waveguide coupled to numerous JCEs. Each JCE con-
tains a Rydberg atom 87Rb and terminally couples to a
semi-infinite branch waveguide as an output channel. The
Rydberg levels of the atom 87Rb can be tuned conve-
niently by an external electrostatic field, responsible for the
adjustability of the router. We prove that the large-detuning
mechanism of the JCEs can improve the performance of
the SP router. Firstly, the number of channels can reach
more than a thousand. Secondly, the routing channel for a
certain photon can be adjusted on demand. Thirdly, each
routing channel has a very narrow peak in the spectra.
Fourthly, the influence of cavity losses can be depressed
by the large-detuning mechanism, which benefits the fab-
rication of the optical architecture. In addition, the large
detuning can also avoid the influence of interferential lev-
els in atoms. Moreover, the routing probability can reach
approximately 100% by adding a mirror and a phase shifter
to the end of the bus waveguide. These merits enable
the suggested SP router to have a significant potential in
quantum informatics.
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P. Petroff, and J. Vučković, Resonant Excitation of a Quan-
tum Dot Strongly Coupled to a Photonic Crystal Nanocav-
ity, Phys. Rev. Lett. 104, 073904 (2010).

[3] A. Laucht, S. Pütz, T. Günthner, N. Hauke, R. Saive, S.
Frédérick, M. Bichler, M.-C. Amann, A. W. Holleitner, M.
Kaniber, and J. J. Finley, A Waveguide-Coupled On-Chip
Single-Photon Source, Phys. Rev. X 2, 011014 (2012).

[4] J.-F. Huang, T. Shi, C. P. Sun, and F. Nori, Controlling
single-photon transport in waveguides with finite cross
section, Phys. Rev. A 88, 013836 (2013).

[5] J. F. M. Werra, P. Longo, and K. Busch, Spectra of coherent
resonant light pulses interacting with a two-level atom in a
waveguide, Phys. Rev. A 87, 063821 (2013).

[6] X. Zang and C. Jiang, Single-photon transport properties
in a waveguide–cavity system, J. Phys. B: At., Mol. Opt.
Phys. 43, 065505 (2010).
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