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The dynamic control of single-photon scattering in a pair of one-dimensional waveguides mediated by a time-
modulated atom—cavity system is investigated. Two cases, where the waveguides are coupled symmetrically or asym-
metrically to the atom—cavity system, are discussed in detail. The results show that such time-modulated atom—cavity
configuration can behave as a dynamical tunable directional single-photon router. The photons with different frequencies
can dynamically be routed from the incident waveguide into any ports of the other with a 100% probability via adjusting
the modulated amplitude or phases of the time-modulated atom—cavity coupling strengths, associate with the help of the
asymmetrical waveguide—cavity couplings. Furthermore, the influence of dissipation on the routing capability is investi-
gated. It is shown that the present single-photon router is robust against the dissipative process of the system, especially
the atomic dissipation. These results are expected to be applicable in quantum information processing and design quantum

devices with dynamical modulation.

Keywords: single-photon router, dynamical modulation, waveguide-QED

PACS: 42.50.-p, 42.50.Pq, 03.65.—w

1. Introduction

Quantum networks, !l which composed of various nodes
and channels for storing, processing and distributing quan-
tum information, have been widely applied to quantum com-
puting, quantum simulation, quantum communication, and
fundamental tests of physics in large scale space.”% As
one kind of typical node devices, quantum routers are es-
sential elements in quantum networks, which can be ex-
ploited to transfer information from its source to different
quantum channels.
cal and experimental efforts have been devoted to the re-

alization and development of single-photon router based on
[10-

In this regard, a variety of theoreti-

atomic systems, =1 whispering-gallery resonators,!'*-13! op-
tomechanical systems, 417! cavity (circuit) quantum electro-
dynamics (QED),!"¥-2% and waveguide-QED systems.?3-37]
However, most of the previous single-photon router can
only work well with a high routing efficiency at the reso-
nant or selected frequency point under the condition that all
the system dissipations are completely ignored. 3349 The se-
lected frequency points are usually non-adjustable due to the
fact that all the system parameters are constants in previ-
ous routing schemes. As a result, once the input frequency
is altered to outside the selected region, the whole system
needs to be reconfigured. In addition, if the system dissipa-
tion is taken into account, the routing scheme becomes con-
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siderably imperfect and the routing capability shows a drastic
reduction. [*1#?] These features restrict the scalability and in-
tegration of the previous routers for the realization of quantum
networks. Therefore, how to achieve a high efficiency and tun-
able single-photon router, which can not only be operated well
for photons with different frequencies in a wide range but also
can effectively against the influence of external dissipation, is
highly desirable and vital for practical applications in scalable
quantum information processing.

In this paper, we develop a dynamical tunable quantum
routing scheme for single photons with different frequencies
based on a Floquet atom—cavity system, where time modulated
coupling strength are introduced to describe the interactions
between the atom and the cavity modes. The results reveal that
the Floquet atom—cavity structure can be served as a dynamic
modulated quantum router, where the routing ports to which
single photons are directed or transferred can be dynamically
selected, and the incident single photon can be deterministi-
cally routed into any selected ports of the two waveguides by
adjusting the modulated parameters of the atom—cavity cou-
pling strengths, associated with the help of the asymmetrical
waveguide—cavity couplings. More importantly, such router
is efficient for photons with different frequencies due to the
reason that the optimal working frequency of the router is dy-
namically tunable within a wide frequency region. In addi-
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tion, the results demonstrate that the present router is robust
against the system dissipation, and the time modulation of
the atom—cavity interactions protects the routing scheme from
atomic and cavity loss. Compared to the purely static routing
schemes, the routing capability can be improved by introduc-
ing time modulation in the presence of dissipation. Especially,
by properly designing and manipulating the system parame-
ters, photons can be redirected from one waveguide to any se-
lected ports of another with a 100% probability (deterministi-
cally) even when the atomic dissipation is taken into account.
These results should be important and meaningful for design-
ing dynamical modulated photonic devices and the studies on
dynamic modulated photonic router for photons with differ-
ent frequencies will certainly contribute to the realizations of
future quantum network communications.

The rest of the paper is organized as follows. In Section 2,
we introduce the theoretical model of the Floquet waveguide-
QED system and derive the analytical expressions for deter-
mining the routing probability with a full quantum mechanical
method. In Section 3, we first demonstrate how a tunable pho-
tonic router for single photon with different frequencies can be
achieved for the case that the Floquet atom—cavity system is
symmetrically coupled to the two waveguides. Subsequently,
we proceed to explore the routing properties with asymmet-
rical waveguide—cavity couplings. Then, the influence of the
system dissipation on the routing capability is discussed, and
a brief remark on the experimental feasibility is given. Finally,
a conclusion is drawn in Section 4.

2. Model and basic theory

The model under consideration is composed of a pair of
parallel one-dimensional waveguides, a two-level atom and
two single mode cavities, as schematically shown in Fig. 1.
The two waveguides [waveguide M (WM) and waveguide N
(WN)] are side coupled to the two cavity modes A and B lo-
cated at x = 0 with coupling strengths V, ,, (d = R,L; p =
m,n), respectively. Furthermore, the atom simultaneously
couples to the two cavity modes with a periodically modulated
coupling strength g;(t) = go + 2ncos(vyt + 9;), (j=a,b),
wherein 17 the modulated amplitude, v,; the modulated fre-
quency, ¢; the modulated phase and gy the static coupling
strength.

The total Hamiltonian of the compound system under in-
vestigation can be decomposed into three parts as, i.e., H =
Hfree + Hue + Hca. The first part is (7 = 1 in what follows)

. + d
Hfree = —ig Z /dxcRp (%) 5 CRp (x)

p=m,n
| . a
+ivg Z /dxch (%) 5L (x)
p=m,n

+ (0, —17:/2)a’a+ (0, —i7,/2)b'b

+ (@We —1%/2) Cee + 05Oy, e))

which describes the free Hamiltonian of the waveguide pho-
tons, the two cavity modes and the atom in the real space.
Here, c};p (%) [czp (x)] is the creation operator for a right-
moving (left-moving) photon along WM (p = m) or WN
(p = n) at position x. vy is the group velocity of the travel-
ing photons in the two waveguides. ¢’ and ¢ (¢ = a,b) denote
the bosonic creation and annihilation operators of the two cav-
ity modes with frequency @, and @, respectively. @, (@)
is the eigenfrequency of the atomic excited (ground) state |e)
(I8))- and Gee = [¢) {el. Oge = [8) (s]- ¥ (j = a,b.e) is the
phenomenologically added energy loss rate from the atom or

cavities to the free space.

wN
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————
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Fig. 1. Schematic diagram of single-photon routing between a pair of
one-dimensional waveguides, waveguide M (WM) and waveguide N
(WN). Each waveguide couples to the Floquet quantum emitter at x = 0
with coupling strengths V; ,, (d = R,L;p = m,n). The emitter con-
tains a two-level atom (with transition frequency @) and two single
mode cavities (denoted by cavity A and cavity B), wherein the two cav-
ity modes couple to the atom with a time modulated coupling strength
8j=ab- Yap and Y denote the decay rates of the cavity modes and the
atom, respectively.
The second part Hy, of the Hamiltonian H refers to the
interactions between the waveguides and cavity modes, which

can be expressed as,

Hye = Z /dx5(x)Vd7chm (x)a
d=R|L

+ Z /dx5 (x) Vd_yncjln (x)b+H.c., 2)
d=R,L

where H.c. denotes the Hermitian conjugate. The third part

H., of the Hamiltonian denote the coupling between the atom

and two cavity modes, which takes the form,
Hea = 8a(1)a" 04 + g1 ()b 04e +Hec., (3)

here o4 = |g) (e| (0. = |€) (g|) is the atomic lowering (rais-
ing) ladder operator. By substituting g; () into Eq. (3), the
effective Floquet Hamiltonian between the atom and the two
cavity modes can be obtained by the standard second-order

perturbation as,[*37]

HE = g0 (a' Oge + 0ugar) + g0 (b7 Oge + Oegh)
+ 1ot (Gee - Ggg) (bTa — aTb) , “4)
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where Jefr = 212 sin (¢, —
strength between the two cavity modes. As a result, the Hamil-

@)/ V4 is the effective coupling

tonian of the whole system becomes Heff = Hfree + Hwe + H&ff.
Suppose that initially the cavities were empty and the

two-level atom was in the ground state. Thus, the scattering

eigenstate for the Hamiltonian Heg can be expressed as

) = [ axdm (9 ch, (9 [0)+ [ dxdn () ch, () 0)

+ / dxgm (1)l (1) [0) + / dxdin ()L, (4)[v)

"‘.uaaT |l)> "’-.ubbT |D> + UeOeg |U> » (5)

where @y, (X), O (X), @1 (x), and ¢y, (x) denote the probabil-
ity amplitudes of the right or left propagating photon in WM
or WN. u,, Up, and U are the excitation amplitudes of cav-
ity A, cavity B, and the atom, respectively. |v) is the vacuum

Jeicke + 85 (ka + kp + il +i17)

state, which means that no photon in the waveguide or cavities
and the atom in ground state |g). If the single photon with fre-
quency @ is injected from the left of WM, then the coefficients

Orm (X), O (X), Oy (x), and @y, (x) in Eq. (5) can be expressed
as*]

Orm (x) = 7[5 (—=x) + s ()],
Orn (x) = 1k"xtn (x),
Qi (x) = e~ (<),
O (x) = 1k”)‘rns(—x) , (6)

where kp—, = 0/Vg, s(x) is the step function with 5(0) =
1/2.
tude and r,, (r,) represents the reflection amplitude in WM

tm (f,) denotes the single-photon transmission ampli-

(WN), respectively. By solving the Schrédinger equation
Hee |¥) = (0 + o) |¥), 14748 one can obtain

— ke (ka+ L) (ky +il3)

" ke + g8 (ko +kp + il +iL3) — ke (ko + L) (kp +1L,) @
- iv/TinTin (85 — ieke) ®
T2k + 83 (ko + ky + 1L + iL5,) — ke (ko + iL,) (ky +1I3)
A ivTenTin (85— koke — ilke) o
Pike + 83 (ka+ ko + 1L +103) — ke (ko +iL,) (kp +i15,)
. ivTrnTLn (85 — ierrke) 10)
J2ike + 83 (ka + kp + 1L, +113) — ke (ko + 113 (kp +1I5,)

where I, = Vjpvg, (d = R,L; p = m,n) denotes the
corresponding coupling loss between cavity modes and
waveguides, Iy = (Irm+11m)/2, I = (Irn +110)/2, I;y =
(Tim —Trm)/2. kj—ap = (Aj+1i7;/2), and ke = (Aeg +1%/2)
with Aj = @ — 0 (A = @ — W) the frequency detuning be-
tween the waveguide photons and the cavity modes (atom). In
the following discussion, we assume that @, = @), = 0., = @),
correspond to A, = A, = A,, = A. Furthermore, in order to
quantitatively analyze the single photon scattering properties
in the waveguides, we introduce the dimensionless quantity
Ty = |tm|2v
ing the photon transport probability of each ports in WM and
WNwith 7, + R, + T, +R, = 1.

T, = |tn|2, R, = |rm\2, and R, = |r,,|2 for describ-

3. Results and discussion
3.1. Routing with symmetrical waveguide—cavity coupling

In this part, we focus on exploring how the photon scat-
tering process can be controlled for the situation that the Flo-
quet atom—cavity system is symmetrically coupled to the two
waveguides, i.e., Ig,, = I, = Ig, = I, =I', and show how
a dynamical tunable router for single photons with different
frequencies could be implemented by the time modulation.

First, we study how the behaviors of the photon trans-

\
mission are influenced by the relative modulated phase A¢
for a given modulated amplitude 1 = 200I". In Fig. 2, we
plot the transport probabilities 7, , and R,,, as a function of
the frequency detuning A/I" for different parameter sets of
Ap = ¢, — ¢p and the static atom—cavity coupling strength
go. One can find that the transport of the incident photon
can be effectively controlled by A¢, and the system can be-
have as a phase-modulated single photon router. Specifi-
cally, for the case of go = 0 and A¢ = 0 (corresponding to
Jeft = 21?sin (¢, — @) /v4 = 0), both the effective coupling
between atom-—cavity and two cavity modes vanish, which
means that the whole compound system is degenerated to a
single waveguide side coupled by an optical cavity. In this
case, the transmission spectrum of photons in the incident
waveguide displays a Lorentzian or inverted Lorentzian line
shape with 7, = 0 and R,, = 1 at the resonant point due to
the perfect destructive interference between the incident wave
and the re-emitted one [see the red solid and blue dash line
in Fig. 2(a)], and the incoming single photon cannot be trans-
ferred into the other waveguide with 7, = 0 and R, = 0, as
shown by the green dot and cyan dashed-dot line in Fig. 2(a).

However, if we modulate the two coupling strengths g,
and g, out of phase, i.e., go = 0 and A¢ = /2, the Floquet
atom—cavity system can be treated as two coupled optical cav-
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ities. In this case, the effective coupling between the two cav-
ity modes becomes nonzero, i.e., Jogf = 81", which leads to the
normal mode splitting with A = £J.¢. As a result, an inci-
dent single photon with frequency @ = @y & Jer can be ab-
sorbed by the coupled cavity system and then re-emitted into
arbitrary output ports of either the incident waveguide or the
other one with the same probability [as shown in Fig. 2(b)],
which indicates that the considered Floquet atom—cavity sys-
tem can work as a single photon router for routing the pho-
ton to either of the two waveguides. Interestingly, comparing
Figs. 2(a) and 2(b), one can find that such the photon routing
is phase-sensitive. The single photon routing between the two
waveguides can be controlled by tuning the modulated phases
of the two atom—cavity coupling strengths.

(a) go=0,A¢ =0

(c) go=4T, A =0
0

Ty Rinn

AT AT
b) go=0, A = 0.57 d) go= 4@, A = 0.5
10 (b) go @ 1‘0()90 ¢
< 05 L 05
! i i 1 J
AN AN AN
0 > - 0 =z \ FAS Z e
—16 -8 0 8 16 —16 -8 0 8 16
A/T AT

Fig. 2. The transport probabilities 7,,, T, R,;, and R, as a function
of the frequency detuning A /I” for different parameter sets of A¢ and
go. The other common parameters are 1 = 200I", v; = 507, and
Y%e = Ya = ¥ = 0, respectively.

In Figs. 2(c) and 2(d), we further demonstrating the
phase modulated single photon routing by taking into ac-
count the static atom—cavity coupling with go # 0. It is found
that the transfer spectra (denoted by the green dot and cyan
dashed-dot line) display three transfer peaks (a resonant peak
and two symmetric sideband peaks) due to the vacuum Rabi
splitting[*”) combined with the normal mode splitting, which
originating from the effective interaction between the atom-—
cavity and the two cavity modes. The three transfer peaks
located at A = 0 and A = +,/J2%,+2g3 corresponding to
three optimal routing windows for photons with different fre-
quencies. It can be seen that either resonant photon or non-
resonant photons with frequency around the two sideband op-
timal routing windows can effectively be routed from the in-
cident waveguide to the other one. Furthermore, it should be
pointed out that the locations of the two sideband optimal rout-
ing windows are phase-dependent due to the fact that the ef-
fective coupling strength Joir = 2n%sinA¢ /v, is determined

by A¢. This means that, by altering the relative modulated
phase, one can dynamically tune the frequency values where
optimal routing is attained.

—2

—16 -8 0 16

AT

Fig. 3. The contour map of the transfer probability P, = T, + R, as a
function of both A/I" and A¢ with go = 0 in panel (a) and go =4I in
panel (b). Other common parameters are the same as those shown in
Fig. 2.

This remarkable feature can be further demonstrated in
Fig. 3, where the variations of P, (P, = T, + R, denotes the
transfer probability of the single photon from WM to WN) ver-
sus both A/I" and A¢ with go = 0 and go =4I are plotted in
Figs. 3(a) and 3(b), respectively. It is shown that, there are two
bright red oscillate zones in both cases, which corresponding
to the two sideband optimal routing windows discussed above.
Obviously, the frequency (or location) of each sideband op-
timal routing windows is a periodic function of the relative
modulated phase A¢. Within a period, the optimal frequency
point can be tuned from A =0 (A = +v/2g¢) to A = +Jus¢
(A ==, /JgferZg%) by increasing A¢ from O to 7/2 for the
case of go = 0 (go = 4I"). This means that an incident single
photon with frequency within these optimal frequency regions
can be dynamically routed into WN via adjusting the relative
modulated phase, which also implies that a dynamic modu-
lated router for single photon with different frequencies can be
realized. It is worth indicating that such dynamic modulated
single photon router can also be implemented by tuning the
modulated amplitude 7, and the optimal frequency regimes
can further be enlarged via increasing 1 due to the relation-
ship A = /72, +2g2 with Jer = 21 sinAQ / v,.

Below, we explore how to control the single photon rout-
ing between the two waveguides through varying the modu-
lated amplitude n for a given relative modulated phase A¢ =
7/2. The transfer probability P, versus both A/I" and 7 are
plotted in Fig. 4(a) with gg = 0 and in Fig. 4(b) with gg =4I,
respectively. It is obvious from Fig. 4 that the transfer spectra
are strongly related to 1. For the case of go = 0, when 17 is very
small (Jogr = 21 sin A@ /vy =~ 0), the two cavity modes are de-
coupled. As a result, no photon can be routed from WM into
WN, which is consistent with that discussed in Fig. 2(a). With
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N gradually increasing, Jegr becomes nonzero, which plays an
essential role in the spectral line shapes and a normal mode
splitting with A = £/, can be observed, as shown by the two
bright red zones in Fig. 4(a). The width between the two red
zones increases with the increasing of 1. According to what
discussed in Figs. 2 and 3, this suggests that the optimal rout-
ing frequency regime can be further enlarged depending on 1.

(2)

300
200

~
=
100
0
—16
A/D
(b)
300
L 200
=
100
0
—16 —8 0 8 16
AT

Fig. 4. The contour map of the transfer probability P, = T, + R, as a
function of both A/I" and n/I" with go = 0 in panel (a) and gy = 4I"
in panel (b). Other common parameters are the same as those shown in
Fig. 2, except that A¢p = /2.

For the case of gop = 4I", a similar result can be ob-
tained. When 1 is extremely weak (Jegr =~ 0), the compos-
ite Floquet quantum structure is equivalently reduced back
to a purely static atom—cavity system. As a result, both the
transfer probability and the location of the two sideband op-
timal routing windows are insensitive to the modulated am-
plitude. However, by increasing 1 gradually, a larger optimal
routing frequency region can be obtained according to A =
+4/J2%+2¢3, as shown by the bright red zones in Fig. 4(b).
Consequently, a dynamic modulated router, which is efficient
for photons within a large frequency region, can also be imple-
mented by carefully manipulating the modulated amplitude 7).

3.2. Routing with asymmetrical waveguide—cavity cou-
pling

In previous part, we demonstrated a tunable photonic
router for single photon with different frequencies via dynami-
cally modulating the coupling strengths between the atom and
the two cavity modes. However, the routing efficiency be-
tween the waveguides is extremely limited to no more than
50% due to the symmetrical coupling, i.e., Ig,, = I, =g, =
I;, =TI". As we know, a reliable photonic routing scheme is
required to be not only controllable but also able to redirect
photons with high routing efficiency. In order to improve the
routing capability, asymmetrical waveguide—cavity couplings,
i.e., Ijm # ILms Ijn # Iy, are considered below.

1.00
00000
OOOOO
I T %o,
o " %00,
;: - 4in %o
QE """" R'n, OOOOO
3 0.50 o P,=T,+R, [oF
g
0.25}
0
0 0.2 0.4 0.6 0.8 1.0

FL’HL/F

Fig. 5. The transport probabilities T, ,, Ry, and P, as a function of
Izw/T with I, = IRy, A = 8Jesr, A§ = /2, and go = 0. Other com-
mon parameters are the same as those shown in Fig. 2.

In Fig. 5, the transport probabilities 7, ,, Ry, and P, of
routing the input photon with frequency A = 8Jf to various
output ports versus I},,/I" with fixed modulated parameters
under the condition I, = I, are plotted. It can be seen that,
comparing to the symmetrical case where 7,, = R, =T, =
R, = 0.25 at the frequency point A = 8Jegr, T, Ry < 0.25,
and 7, = R, > 0.25 can be obtained by decreasing Iy,, in the
region I7,, < I'. In the ideal case, i.e., I7,, = 0, the trans-
fer rate P, reaches its maximum 1 (see the pink circle) with
T, =R, =0and T, = R, = 0.5. This means that the incident
single photon from WM can be completely routed into WN
but symmetrically output either from the left or right port with
equal probability. To deterministically route the single photon
into the two output ports, we can further break the symmetry
between I}, and Ig,.

In Fig. 6, the transport probabilities 7, and R, versus both
I1,/I and Ig,/I" are plotted in Figs. 6(a) and 6(b), respec-
tively. It can be seen that 7;, (R,) can be further enhanced to
T, > 0.5 (R, > 0.5) at the expense of decreasing R, (T;,) be-
low 0.5 under the condition Iy, > I}, (Ig, < I;,). This is
because the asymmetrical coupling, i.e., I, # Ig,, leads to an
imbalance between the reemitting photons to the left and right
directions of WN. In the ideal case, i.e., I7,, =0, Ig, = 2I" or
I, =2I", I, =0, the incident single photon can be fully redi-
rected into the right or left port of WN with 7;, = 1 or R, =~ 1,
as shown by the bright red zones in Figs. 6(a) and 6(b). These
results clearly show that the present proposed routing scheme
can transfer photons from the input port to other arbitrarily
selected one with a perfect transfer efficiency. This also im-
plies that a dynamical tunable targeted single-photon router
with 100% routing probability can be achieved with the help
of the asymmetric waveguide—cavity coupling. For further in-
sight, the transport probabilities versus the dynamical modu-
lating parameters, i.e., A¢ and 7, under the asymmetrical con-
ditions are given in Figs. 7 and 8, respectively.
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Fig. 6. The contour map of the transport probability 7, (a) and R, (b)

as a function of both I, /I" and I, /T" with I7,, = 0, Ix, = 2I". Other
common parameters are the same as those shown in Fig. 5.

0 0.2 0.4 0.6 08 1.0
A¢/m

Fig. 7. The transport probability 7, and 7,, as a function of A¢ for
different photon frequencies with A = 0, 4", 8I" in panels (a)—(c), re-
spectively. Other common parameters are the same as those shown in
Fig. 5, except that I, = I, =0, Ipyy =gy, = 2I".

In Fig. 7, we show how a dynamical tunable targeted
single-photon router can be implemented by manipulating the
relative modulated phase A¢. Without loss of generality and
for simplicity, we assume that I, = I7, =0 and Ig,, = I, =
2I", which means that the incident photon from the input port
can only be directed rightwards, and correspondingly both
the probability amplitudes R,, and R, vanish. The transport
probabilities 7, and T, of routing the incident photon to the
right ports of WM and WN, with respect to A¢ and differ-
ent inputting frequencies (i.e., A = 0, 4I", 8I"), are plotted in
Figs. 7(a)-7(c), respectively. It can be seen that, for incident
photon with fixed frequencies, the relative phase A¢ plays an
important role in manipulating the photon routing. The trans-
port probabilities can be tuned from O to 1 by properly adjust-
ing A¢, with the behaviors of 7}, and T;, show opposite trends.
Namely, when T, increases to the maximal 1, 7;, will decrease
to its minimal O, and vice versa. These results indicate that the
incident single photon with different frequencies can either be

redirected into the right port of WM or WN with a determi-
nately routing probability of 100%. Furthermore, the relative
modulated phase can behave as dynamical switch to turn on or
off the photon routing between the two desired ports of WM
and WN, which implies that a dynamic modulated directional
single-photon router can be realized.

In Fig. 8, The transport probabilities 7, and 7,, versus
the modulated amplitude 1 with different inputting frequen-
cies (i.e., A =0, 4I', 8I') are plotted. The results show again
that both 7;, and 7}, can be modulated from O to 1 with opposite
trends, which implies that a dynamical tunable single-photon
router between the two desired ports of WM and WN can also
be implemented by controlling the modulated amplitude 1.
We would like to point out that such dynamic modulated direc-
tional single-photon router can also be achieved between any
other selected output ports of the two waveguides by carefully
designing and manipulating the asymmetrical coupling condi-
tions, and such photonic router can also be studied in a similar
way as those discussed above when the influence of the static
atom—cavity coupling is taken into account (not shown here
due to the length limitation).

(a) A=0

1.0

0 100 200 300
n/T"

Fig. 8. The transport probability 7, and T;, as a function of n/I" for
different photon frequencies with A = 0, 4I", 8I" in panels (a)—(c), re-
spectively. Other common parameters are the same as those shown in
Fig. 5, except that I7,,, = I, =0, Igyy =gy =2I".

3.3. Influence of dissipation

Up to now, we have demonstrated that how an ideal dy-
namical tunable single-photon router can be realized and be
controlled by the time modulations in the absence of dissipa-
tion. However, in any realistic physical system, the effects
of dissipation cannot be ignored. In the present system, the
main dissipation originates from spontaneous emission of the
two-level atom and the intrinsic dissipative process of the two
cavity modes. With this concern, in what follows, we focus
on exploring how the routing capability is influenced by the
atomic and cavity decays.
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First, we study how the routing efficiency is affected by
the atomic spontaneous emission. The variations of the rout-
ing probability 7, versus the frequency detuning A /I" and the
atomic decay rate 7, for different parameter sets of go and n
are plotted in Figs. 9(a)-9(c), respectively. It is clear from
Fig. 9(a) that, for the case of gg =4I and 1 = 0 [corre-
sponding to the purely static atom—cavity coupling system dis-
cussed in Fig. 2(c)], the routing efficiency of both the resonant
(A = 0) and non-resonant (A = 5.6I") photons decreases with
increasing 7., but the non-resonant photons are more sensitive
to the atomic decay than the resonant one. However, if we
dynamically modulating the atom—cavity coupling strengths
with n = 2001, the behaviors of the sensitivity show opposite
trend, e.g., the non-resonant photons become insensitive to %,

8 0 8 16

~16 —

AT

—-16 -8 0 8 16
AT

as shown in Fig. 9(b). More importantly, in this case, the rout-
ing efficiency of the non-resonant photons can persist a high
value even when the atomic decay rate become large, and this
high routing efficiency can be further improved to approach 1
by properly adjusting the static atom—cavity coupling strength,
i.e., go = 0, as shown in Fig. 9(c). These remarkable results
can be seen more clearly in Fig. 9(d), where the routing ef-
ficiencies of the non-resonant photons corresponding to each
case of Figs. 9(a)-9(c) are plotted. According to Fig. 9, from
the routing perspective, one can come to a conclusion that the
dynamical interaction between atom and cavity modes protect
the present photonic routing scheme from atomic dissipation,

although the inputting frequencies are different.

0.5
©)
0.4 0.8
., 0.3 0.6
>
< 0.2 0.4
0.1 0.2
0
—16 -8 0 8 16
1.00
0.75
&~ 0.50 —go=4I'n=0,A=5.6I"
—-—-go=4I,n =200, A =9.8I"
0.25 g0 K
...... go=0,717=200I, A =8I"
0
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Ye/T'

Fig. 9. The contour map of the transport probability T, as a function of both A/I" and ¥, /I" for different parameter sets of 1 and go: 7 =0,
go =4I in panel (a); n =200I", go =4I in panel (b); n = 200I", go = 0 in panel (c). (d) T;, as a function of ¥, /I" for special parameter sets
of 1, go, and A. Other common parameters are A¢ = 71/2, vy = 500, I,y = I1, =0, Iry = I, = 2I', and }, = ¥, = 0, respectively.

1.0

0.9 RN
0.8

0.7

_90:4[‘,7]:0,A:5.6F
0.6 ___gy=4I,n=200I, A=98I
..... go=0,1=200I, A =8I

0.5
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Ya/T

Fig. 10. The transport probability 7, as a function of v, /I" for different
parameter sets of 7, go, and A. Other common parameters are the same
as those shown in Fig. 9, except that % = 0.1I" and ¥, = 7,.

Then, we proceed to study how the cavity dissipation af-

fects the routing capability. In Fig. 10, the routing efficiency is
plotted as a function of the cavity decay rate for three different

parameter sets of go, 1, and A. It is shown that, due to the
time modulation, the routing scheme can be notably improved
even in the presence of cavity loss. All in all, figures 9 and
10 indicate that the quality of such a dynamically modulated
single photon router is robust against to the atomic and cavity
dissipation.

3.4. Physical implementation

Before summary, let us provide a brief remark on the
experimental feasibility of our scheme. As schematically
shown in Fig. 1, the present scheme can be implemented
in different physical platforms, including superconducting
circuits,’® optomechanical circuits®! or photonic-crystal

[21' As superconducting circuits for exam-

resonator lattice.
ple, the single-mode cavity, the two-level atom and the one-
dimensional waveguide can be achieved by a superconduct-

ing resonator, a superconducting qubit and a superconducting
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transmission line, respectively. In our model, one of the key el-
ements is the time-modulated coupling between the atom and
the two cavity modes, which can be realized by embedding
a superconducting quantum interference device between the

153551 Another one is the chi-

qubit and the two resonators.
ral interaction between the waveguides and the cavity modes,
which can be achieved by inserting circulators in supercon-
ducting circuits.’®) Consequently, if the two points can be re-
alized perfectly, then the dynamical tunable directional single-
photon router may be demonstrated in a circuit-QED system.

Next, we examine the realistic parameter space for phys-
ical implementation under the existing experimental tech-
niques. To simulate the transmission properties of the waveg-
uide photons, all the system parameters are normalized to I”
in the numerical simulation, e.g., the static coupling strength
go assumed to be 4I". It was demonstrated that the decay rate
I (corresponding to the coupling between cavity modes and
waveguides) can be adjusted from zero to hundreds of mega-
hertz in a circuit QED experiment. [57] Then for a givenI, e.g.,
I' /2 =25 MHz, one can obtain go/27 = 100 MHz, which is
a typical atom—cavity coupling constant attainable with mod-
ern circuit-QED technologies. 8-

4. Conclusion

In conclusion, we have theoretically studied the coherent
scattering process of photons between two one-dimensional
waveguides side coupling to a Floquet atom—cavity system,
wherein the atom dynamically interacts with the cavity modes
with time-modulated coupling strengths. The results indi-
cate that such Floquet atom—cavity system can behave as a
dynamical tunable targeted single photon router, which can
dynamically route the incident waveguide photon into any
ports of the other with a 100% probability via adjusting the
modulated parameters introduced into the atom—cavity cou-
pling strengths, associate with the help of the asymmetrical
waveguide—cavity couplings. Compared to previous routing
schemes, this scheme has following advantages: (i) The ap-
plication of the dynamical modulated atom—cavity coupling
strength instead of a purely static one makes our photonic
router more tunable. The optimal working frequency of the
router is dynamically tunable within a wide frequency region,
which makes this router efficient for photons with different
frequencies. (ii) The present router is robust against the sys-
tem dissipation, and the time modulation of the atom—cavity
interactions protects the routing scheme from atomic and cav-
ity loss. Under appropriate conditions, photons can be redi-
rected from one waveguide to any selected ports of another
with a 100% probability even in the presence of atomic dis-
sipation. These advantages are expected to be applicable in
quantum network communication.
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