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The single-photon frequency conversion in a one-dimensional waveguide coupled to a giant three-level atom is in-
vestigated. The analytical expressions of the single-photon scattering spectra are derived via the real-space Hamiltonian.
Numerical results show that high-efficiency frequency conversion of single photons can be achieved by controlling the
atom-waveguide coupling due to the phase-dependent interference effect of the multiple point couplings of the giant atom,
and the conversion efficiency can ideally reach unity. The conversion spectra in both the Markovian and non-Markovian
regimes show that multiple staggered peaks and dips emerge due to the non-Markovian retardation effect, in contrast to a
single peak and dip in the Markovian regime. The influence of dissipation on the fidelity of frequency conversion is also
displayed, and it shows that the fidelity is not sensitive to dissipation.
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1. Introduction
Photon frequency conversion refers to translating incident

photons of a specified frequency into output photons of an-
other frequency through specific physical processes,[1] which
is an enabling technology applied in quantum computation[2]

and quantum communication.[3] Experimentally, frequency
conversion with small wavelength intervals has been im-
plemented in many second-order and third-order nonlinear
materials,[4–8] but the frequency conversion efficiencies are
limited to no more than 0.5 in some of these schemes, which
may restrict further potential applications.

With the development of state-of-the-art technologies,
waveguide quantum electrodynamics (WQED) systems[9]

have provided powerful platforms to control photon
transport,[10–12] by tailoring the coupling of waveguide modes
and quantum emitters effectively. In such systems, pho-
tonic waveguides are used as photon lines to connect quan-
tum emitters, and photons are utilized as carriers to trans-
fer quantum information between different nodes. Based on
the Sagnac waveguide loop, single-photon frequency conver-
sion approaching unity has been performed, and multi-mode
quantum entanglement has also been generated via construc-
tive interference.[13–18] Moreover, numerous investigations
on high-efficiency frequency conversion of single photons
have been carried out in many other physical structures, in-
cluding lithium niobate materials,[19,20] chiral waveguides,[21]

coupled resonator waveguides,[22,23] superconducting quan-
tum circuits,[24] and even conversion between microwave

and optical photons through atom-phonon hybrid modes in
a waveguide-QED structure has also been proposed.[25]

Recently, experimental research on a giant atom in a
WQED system has attracted extensive attention.[26] This kind
of emitter can interact many times with the waveguide mode
at multiple coupling points separated by large distances, be-
cause its size is not negligible compared to the wavelength
of the propagating guided wave. Compared with the com-
mon single-point coupling of a small atom as a point mass,
the multiple-point coupling of a giant atom will produce
an additional phase-dependent interference effect, and thus
leads to a variety of exotic quantum phenomena, including
multi-frequency Fano resonance,[27–29] tunable nonreciprocal
scattering,[30–32] unconditional bound states,[33–36] entangle-
ment generation,[37,38] disentanglement dynamics,[39] direc-
tional routing[40,41] and frequency conversion.[42] Moreover,
efficient nonreciprocal frequency conversion and reflection-
less transport have also been demonstrated in both Markovian
and non-Markovian regimes in a waveguide system coupled
to a giant Λ-type atom, by varying the chiral atom-waveguide
couplings.[42]

Motivated by these considerations, we study single-
photon frequency conversion in a waveguide system coupled
with a giant Λ-type three-level atom. In the above scheme
with tunable chiral atom-waveguide couplings,[42] perfect fre-
quency conversion is achieved by the ideal chiral case of
zero couplings between the left-moving guided-wave modes
and the atom, which requires the atom to be coupled only to
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photons transported in a single right direction in the waveg-
uide channel. Unlike that scheme, our proposed model fo-
cuses on high-efficiency frequency conversion by adjusting
the asymmetric atom-waveguide couplings at the two cou-
pling points of the giant atom, which is a different regulatory
path with flexible coupling-direction transmission. The un-
equal couplings are represented by local-coupling phase pa-
rameters, which have been applied in perfectly nonrecipro-
cal transmission and high-efficiency routing of single pho-
tons via phase-dependent interference effects.[31,32] By using
a real-space approach, the scattering amplitudes of single pho-
tons are obtained analytically. Numerical results show that
high-efficiency frequency conversion of a single photon can
be implemented under the joint effect of the local coupling
phase and the accumulated phase of the photon propagating
between the two coupling points of the giant atom, and the
conversion efficiency can approach unity due to the interfer-
ence effect. We further analyze the single-photon frequency
conversion characteristics in the Markovian regime and non-
Markovian regime. It is found that multiple staggered peaks
and dips emerge owing to the non-Markovian retarded effect,
and the peak and dip positions dynamically shift with phase
parameters, while a single peak and dip are exhibited in the
conversion spectra in the Markovian regime. The fidelity of
frequency conversion is also examined and can reach unity in
the ideal case of no dissipation. When considering the dissipa-
tion of the atomic excited state, the fidelity decreases with the
increase of dissipation. However, the fidelity is not sensitive
to the dissipation, and high fidelity can still be maintained un-
der moderate dissipation for the frequency conversion between
two transition states.

2. Theoretical model
The schematic diagram of a photon converter is shown

in Fig. 1. A one-dimensional waveguide is coupled to a giant
Λ-type three-level atom, with two coupling points located at
x = 0 and x = d. The three-level atom is characterized by
the excited state |e〉, metastable state | f 〉, and ground state
|g〉. These two atomic transitions, |e〉 ↔ |g〉 and |e〉 ↔ | f 〉,
are coupled to the waveguide modes through two coupling
points located at x = 0 and x = d. The corresponding coupling
strengths at the two coupling points are denoted by Vg j and
Vf j ( j = 1,2), respectively. When a photon is injected into the
waveguide, it will be converted between the two low-energy
states by atomic scattering.

Under the rotating wave approximation, the real-space
Hamiltonian[11] describing the frequency converter can be ex-
pressed as (h̄ = 1 hereafter)

H =
∫

dx
[
− iυgC†

R(x)
∂

∂x
CR(x)+ iυgC†

L(x)
∂

∂x
CL(x)

]

+(ωe− iγ/2)|e〉〈e|+ω f | f 〉〈 f |

+ ∑
j=1,2

∫
dxδ [x− ( j−1)d]

×
{
[C†

R(x)+C†
L(x)](Vg j|g〉〈e|+Vf j| f 〉〈e|)+H.c.

}
.

(1)

Here, the ground state level has been set as the energy ref-
erence. C†

L(x) and C†
R(x) represent the creation operators for

left-moving and right-moving photons in the waveguide, re-
spectively. υg denotes the group velocity of the propagating
photon. ωe, f and γ are the transition frequency of the atomic
state |e〉 (| f 〉) and the intrinsic loss rate, respectively.

e>

g>
f>

Incident wave

  Waveguide 

x/d

tg↪ tfrg↪ rf

Vf
Vg

Vf Vg

x/

Fig. 1. Schematic view of a single-photon frequency converter con-
sisting of a one-dimensional waveguide with a giant Λ-type atom. The
giant three-level atom is coupled to the waveguide at x = 0 and x = d.

Supposing that a single photon with the energy E = ω =

υgk (k being the wave number) is incident from the left port of
the waveguide, and the initial state of the atom is assumed to
be in the ground state |g〉, when the atom is excited by the in-
put photon, then the atom can spontaneously decay back to |g〉
and emit a photon with the same wave vector k, or it can decay
to another state | f 〉 and re-emit a photon with the wave vector
q = k−ω f /υg.[42] The scattering eigenstate of the system in
the single-excitation subspace can be written as

|ψ〉 =
∫

dx[ϕgR(x)C
†
R(x)+ϕgL(x)C

†
L(x)]|0,g〉

+
∫

dx[ϕ f R(x)C
†
R(x)

+ϕ f L(x)C
†
L(x)]|0, f 〉]+ξ |0,e〉. (2)

Here, ξ denotes the probability amplitude of the atomic ex-
cited state. ϕgR, f R(x) and ϕgL, f L(x) are the wave functions for
the right and left modes of the photon. |0,g〉 and |0, f 〉 stand
for the photon vacuum states with the atom in two transition
states. The corresponding expressions of these wavefunctions
are given by

ϕgR(x) = e ikx [θ(−x)+ t1θ(x)θ(d− x)+ tgθ(x−d)] ,

ϕgL(x) = e−ikx [rgθ(−x)+ r1θ(x)θ(d− x)] ,

ϕ f R(x) = e iqx [t2θ(x)θ(d− x)+ t f θ(x−d)
]
,

ϕ f L(x) = e−iqx [r f θ(−x)+ r2θ(x)θ(d− x)
]
. (3)
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Here, θ(x) is the step function. tg, f and rg, f represent sepa-
rately the transmission and reflection amplitudes of the pho-
ton, while t1,2 and r1,2 describe the photon transmission and
reflection amplitudes between two coupling points.

By solving the eigenvalue equation H|ψ〉 = E|ψ〉, one
can obtain the equations of motion for the probability ampli-
tudes

EϕgR(x) = −iυg
∂

∂x
ϕgR(x)+Vg1δ (x)ξ +Vg2δ (x−d)ξ ,

EϕgL(x) = iυg
∂

∂x
ϕgL(x)+Vg1δ (x)ξ +Vg2δ (x−d)ξ ,

Eϕ f R(x) =

(
ω f − iυg

∂

∂x

)
ϕ f R(x)

+Vf 1δ (x)ξ +Vf 2δ (x−d)ξ ,

Eϕ f L(x) =

(
ω f + iυg

∂

∂x

)
ϕ f L(x)

+Vf 1δ (x)ξ +Vf 2δ (x−d)ξ ,

(ω−ωe + iγ/2)ξ

= V ∗g1 [ϕgR(0)+ϕgL(0)]+V ∗f 1
[
ϕ f R(0)+ϕ f L(0)

]
+V ∗g2 [ϕgR(d)+ϕgL(d)]

+V ∗f 2
[
ϕ f R(d)+ϕ f L(d)

]
. (4)

Substituting Eq. (3) into Eq. (4), these scattering amplitudes
can be obtained as

tg = 1−
iΓg[1+ e i(∆φ1−αg)][1+ e i(αg−∆φ1)]

S(ω)
,

rg =
−iΓg[1+ e i(∆φ1+αg)][1+ e i(αg−∆φ1)]

S(ω)
,

t f =
−i
√

Γf Γg[1+ e i(∆φ2−α f )][1+ e i(α f−∆φ1)]

S(ω)
,

r f =
−i
√

Γf Γg[1+ e i(∆φ2+α f )][1+ e i(α f−∆φ1)]

S(ω)
. (5)

The atom-waveguide coupling coefficients, which depend on
the transition dipoles,[31] are generally complex numbers.
They can be taken as Vg1 = Vg e iφ1 , Vg2 = Vg e iφ2 , Vf 1 =

Vf e iφ3 , and Vf 2 = Vf e iφ4 , with local coupling phases φ1,2,3,4.
Thus, the phase differences are ∆φ1 = φ2−φ1 and ∆φ2 = φ4−
φ3. Γg =V 2

g /υg and Γf =V 2
f /υg are the atomic emission rates

into the waveguide. αg = kd and α f = qd are the accumu-
lated phases of the photons propagating between two coupling
points. ∆ω = ω −ωe is the frequency detuning, and S(ω) =

∆ω + iγ/2+2iΓg(1+ e iαg cos∆φ1)+2iΓf (1+ e iα f cos∆φ2).

3. Single-photon frequency conversion via a gi-
ant atom
In the coupled giant atom-waveguide system, αg = kd =

ωeτ + ∆ωτ and α f = qd = (ωe −ω f )τ + ∆ωτ are the ac-
cumulated phases of photons between two coupling points,
with τ = d/υg the corresponding propagation time. For a

fixed separation between two coupling points, the accumu-
lated phase can be regarded as a constant part αg0 = ωeτ

[α f 0 = (ωe −ω f )τ] and a detuning-dependent part.[32,42–45]

Consequently, we will study the single-photon scattering in
both the Markovian and the non-Markovian regimes, depend-
ing on whether the propagation time τ can be neglected or not.

We first consider the Markovian regime where the prop-
agation time τ is sufficiently small such that αg, f ≈ αg0, f 0 is
approximately constant. In the coupled waveguide system, the
transport characteristics of a single photon are governed by
the scattering probabilities Tg( f ) = |tg( f )|2 and Rg( f ) = |rg( f )|2.
Figure 2(a) shows the photon transmission at two ports with
no dissipation. It is obvious that the photon flow satisfies
the conservation relation of Tg + Tf + Rg + R f = 1 (see the
yellow straight line). Here, all parameters are normalized
by Γg except the phases. Γg = Γf , αg = α f + 2nπ = α , and
∆φ1 = ∆φ2 = ∆φ are assumed for simplification, with n an in-
teger. As seen, the transmission on the left port is completely
blocked over the entire frequency domain under the condition
of ∆φ = α = (2m + 1)π/2 with m an integer, as shown by
the red dashed line and green dotted line. Rg = R f = 0 results
from the asymmetric coupling by controlling the unequal local
coupling phases, which closes the left coupling channel. Con-
sequently, a complete conversion is achieved at the resonance
point.
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.

.


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Rf

S

Dω

(a)
.

.

.



.
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S

Dω

(b)

.

.

.



.

↩ ↩   

D
φ

 (
π

)

Dω

(c)
.

.

.



.

↩ ↩   

α
 (

π
)

Dω

(d)
0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

Fig. 2. In the Markovian regime, the scattering probabilities S, includ-
ing Tg (dash dotted cyan curves), Tf (solid blue curves), Rg (dashed red
curves), and R f (dash dotted green curves), for a giant atom in (a) and
for a small atom in (b). Here, the curves of Rg and R f overlap each
other in (a) due to Rg = R f = 0, while the curves of Tf , Rg and R f
overlap each other in (b) due to Rg = R f = Tf . Tf as a function of the
detuning ∆ω , and the phase ∆φ in (c) and the phase α in (d). The yel-
low straight line in (a) denotes the total photon transmission probability
with the conservation relation. For convenience, all parameters are in
units of Γg except the phases. These parameters are Γf = Γg = 1, γ = 0.
∆φ = α = π/2 in (a), α = π/2 in (c), and ∆φ = π/2 in (d).

For comparison, we also study the small-atom model in
Fig. 2(b), which has only one coupling point at x = 0, and the
coupling at x = d is zero. The incident photon flows to two
ports, and the photon probability is equal at Tf = R f = Tg =

Rg = 0.25 at the resonance point, where Tf reaches the maxi-
mum value of 0.25. Note that the single small-atom case has
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been investigated by Obi and Shen,[46] where the sum con-
version probability of the input photon is Tf +R f = 0.5. Of
course, when more emitters are considered, high-efficiency
conversion can be achieved by scattering from multiple emit-
ters due to the interference effect caused by the spatial multi-
point coupling, which has been demonstrated for similar po-
larization conversion in coupled waveguide systems with two
emitters[47] and an array of three-level emitters.[48] Thus, ef-
ficient frequency conversion can be achieved by a giant atom
with two coupling points, with a simple structure in contrast
to the multiple-emitter cases. Furthermore, we investigated
the influence of the phases on Tf in Figs. 2(c) and 2(d). It
can be seen that two wide elliptical regions of high conversion
efficiency Tf > 0.9 appear near ∆φ = α = π/2 and the res-
onance point, and conversion peaks for Tf approaching 1 are
displayed at the two center points, respectively. Therefore, ef-
fective frequency conversion can be achieved by varying the
phases to generate asymmetric coupling.

T
f

.

.

.



.

↩ ↩   

D
φ

 (
π

)

Dω

(c)

0.8

0.6

0.4

0.2

.
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

.

↩ ↩   

α
0

 (
π

)

Dω

(d)

0.8

0.6

0.4

0.2

↩ ↩   
Dω

1.0

0.8

0.6

0.4

0.2

0

T
f

↩ ↩   
Dω

1.0

0.8

0.6

0.4

0.2

0

∆φ=π/4

∆φ=π/2
∆φ=3π/4

α0=π/4

α0=π/2
α0=3π/4

(a) (b)

Fig. 3. The Tf versus the detuning ∆ω for different phases in the
non-Markovian regime. (a) α0 = π/2, ∆φ = π/4 (dash-dotted cyan
curve), ∆φ = 3π/4 (dashed red curve), and ∆φ = π/2 (solid blue curve).
(b) ∆φ = π/2, α0 = π/4 (dash-dotted cyan curves), α0 = 3π/4 (dashed
red curves), α0 = π/2 (solid blue curves). Tf as a function of the detun-
ing ∆ω , and the phase ∆φ in (c) and the phase α0 in (d), where α0 = π/2
and ∆φ = π/2 are separately set in (c) and (d). The other parameters
are τ = 3Γg, Γg = Γf , and γ = 0.

Then we consider the non-Markovian regime, where the
propagation time τ of the photon in the waveguide cannot
be neglected and α has a strong dependence on the detun-
ing ∆ω . Figures 3(a) and 3(b) display Tf as a function of
the detuning ∆ω when one of the two phases (α0,∆φ ) is fixed
at π/2, and the other is taken as π/4, 3π/4, and π/2. Due
to the time delay effect, more complicated oscillating trans-
mission spectra appear, showing multiple staggered peaks and
dips. It can be observed that the positions of these dips are
located at ∆ω = [(2m+1)π−α0−∆φ ]/τ , while the peak po-
sitions are located at ∆ω = [(2m+ 1)π −α0 +∆φ ]/τ . Here,
α0 = αg0 = α f 0 + 2nπ has been assumed above for simplifi-
cation. Thus, the frequency positions corresponding to these
transmission peaks and dips will move with the change in the

two phases. To observe more notable features, Tf as a func-
tion of the frequency detuning ∆ω and the two phases is plot-
ted in Figs. 3(c) and 3(d), respectively. As can be seen, three
bright oblique strip-shaped regions presenting high Tf values
appear asymmetrically on both sides of the resonance point. In
the middle region, the center frequency of the maximum peak
shifts linearly with the variation. The other two asymmetric
regions arise due to the combined effect of the phases and the
detuning.

For the ideal condition, there is no dissipation during
propagation. However, in a practical system, atomic decay
is unavoidable, and thus the influence of dissipation on the
frequency conversion should be studied. Figure 4 describes
the photon frequency conversion in the presence of dissipa-
tion for three different dissipation values γ = 0,1,6. In the
ideal lossless case, the total photon flow is conserved and ex-
changes occur between Tf and Tg. With increasing dissipation
strength, the loss of the photon flow also occurs, and Tf and Tg

gradually decrease, as shown in Fig. 4(a). Note that near the
resonance point, there exists a probability of Tg for large dis-
sipation. This is because for strong dissipation, the resonance
excitation of the |e〉 ↔ |g〉 transition weakens. Compared with
the complete conversion with Tg = 0 when there is no dissipa-
tion, only a small part of the excited photons is transformed,
and thus a part is retained.
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Fig. 4. The Tg (thick blue curves) and Tf (fine red curves) versus the
detuing ∆ω for different dissipations: γ = 0 for solid lines, γ = 1 for
dash-dotted line, and γ = 6 for dashed lines in (a) and (b). F versus the
detuning ∆ω for different dissipations in (c) and (d). F as a function
of the detuning ∆ω and the dissipation γ in (e) and (f). Left panels (a),
(c) and (e) display the transmission features in the Markovian regime,
right panels (b), (d) and (f) correspond to the non-Markovian regime.
α0 = ∆φ = π/2. The other parameters are the same as those in Fig. 2.

To compare the conversion of the two frequencies at the
single right port, we define a fidelity F = Tf /(Tf +Tg), which
represents the ratio of the converted photon transmission to the
total right transmission.[49] For F = 0, the transmitted pho-
ton is the original transition one, while F = 1 implies that the
two frequencies are completely converted. Figure 4(c) dis-
plays that a general dissipation γ = 1, which is comparable
with the atomic emission rate, gives rise to a high fidelity of
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F = 0.98 near the resonance point. Thus, the fidelity is ro-
bust and undergoes only a minor change compared to the ideal
case. This indicates that dissipation does not have a strong
impact on the frequency switch. A significant effect occurs
only for very strong dissipation, such as F = 0.64 for γ = 6
near the resonance point. F as a function of γ and ∆ω is also
plotted in Fig. 4(e). It is shown that there exists a bright el-
liptical region with high fidelity at the resonance point in the
dissipation-value range from 0 to about 3, which further shows
that in the presence of larger dissipation, high fidelity con-
tinues to be maintained. Correspondingly, the right panels of
Figs. 4(b), 4(d), and 4(f) present a comparison with the left
panels in the non-Markovian case. They have similar features
to the left panels, except that multiple staggered peaks and dips
emerge in comparison to the single peak and dip.

Similarly, Fig. 5 displays the influence of different phases
and the dissipation on Tf , Tg, and the fidelity at the resonance
point. When ∆ω = 0, there is no difference for these two
cases in both Markovian and non-Markovian regimes. It can
be found that there are conclusions similar to those in Fig. 4:
high-fidelity regions appear in the vicinity of both phases be-
ing π/2, and the fidelity is not sensitive to the atomic decay,
as seen in the (∆φ ,γ) and (α,γ) panels.
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Fig. 5. The Tg (thick blue curves) and Tf (fine red curves) versus the phase
∆φ in (a) and α in (b) for different dissipations: γ = 0 for solid lines, γ = 1
for dash-dotted line, and γ = 6 for dashed lines. F as a function of the dis-
sipation γ , and the phase ∆φ in (c) and α in (d). α = π/2 in (a) and (c).
∆φ = π/2 in (b) and (d). Other parameters are the same as those in Fig. 2.

The physical implementation of our scheme should be re-
marked. The proposal can be realized experimentally in a cur-
rent circuit QED system,[31] where the giant atom can be a su-
perconducting qubit and a superconducting transmission line
is used as the waveguide.[50] The two-point atom–waveguide
coupling can be performed by coupling an Xmon qubit to the
transmission line waveguide at two different locations.[51,52]

The accumulated phase can be implemented by tuning the
qubit frequency, and the local coupling phases between the
giant atom and the waveguide can be controlled by using
Josephson-junction loops threaded by external fluxes.[53] For

instance, the experimental parameters can be selected as
(Γg,γ) = 2π× (7.38,0.02) MHz.[50,54] It is found that the de-
cay of the qubit is significantly less than the coupling, and thus
efficient frequency conversion can be achieved.

4. Conclusion
In summary, we have investigated single-photon fre-

quency conversion via a giant Λ-type three-level atom scat-
tering in a one-dimensional waveguide. High conversion
efficiency at two transition frequencies can be effectively
achieved by varying the phase parameters. The frequency
conversion spectra in both the Markovian and non-Markovian
regimes show that multiple staggered peaks and dips emerge
due to the non-Markovian retarded effect, while a single peak
and dip occur in the Markovian regime. High fidelities of these
conversions are also examined when dissipation is considered,
which shows that the fidelity is robust against atomic decay.
Therefore, the proposed converters may have wide potential in
quantum computation and quantum information processing.
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