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Abstract. The non-Markovianity of physical systems is considered to be a valuable resource
that has potential applications to quantum information processing. The control of traveling
quantum fields encoded with information (flying qubit) is crucial for quantum networks. In this
work, we propose to catch and release the propagating photon/phonon with a non-Markovian
giant atom, which is coupled to the environment via multiple coupling points. Based on the
Heisenberg equation of motion for the giant atom and field operators, we calculate the time-
dependent scattering coefficients from the linear response theory and define the criteria for the
non-Markovian giant atom. We analyze and numerically verify that the field bound states due
to non-Markovianity can be harnessed to catch and release the propagating bosonic field on
demand by tuning the parameters of giant atom.
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1. Introduction

In standard quantum optics, the (natural or artificial) atom is usually treated as a point-
like model that is locally coupled to bosonic modes in the environment, where the dipole
approximation is well justified [1]. In recent years, however, the artificial atom realized
in the laboratory can be made much larger than the wavelength of bosonic modes in
the environment, and thus is dubbed giant atoms [2]. Such giant-atom model has been
implemented with superconducting transmon [3] coupled to surface acoustic waves (SAWs)
[4, 5] or microwave photons [6, 7] in a nonlocal fashion via multiple coupling points. The
experimental platform has also been extended to magnon-based hybrid system, where a ferro-
magnetic spin ensemble interacts twice with the meandering waveguide [8]. Giant atoms
distinguish from small atoms on two main aspects: (1) the self-interference effect induced
by the system size [9]; and (2) the non-Markovian effect due to the time delays among the
coupling points [10]. The self-interference of giant atom gives rise to many novel phenomena
that do not exist for small atoms, e.g., frequency-dependent relaxation rates and Lamb
shifts [9], decoherence-free interaction between giant atoms [11, 12]. For the non-Markovian
giant atom, more intriguing phenomena can appear, such as non-exponential spontaneous
emission [5, 10] and persistent oscillating bound states [13, 14].

The study of giant atoms with nonlocal light-matter interaction represents a new
paradigm and research frontier in quantum optics [15–18]. The original theoretical framework
[9, 10] of giant atom(s) coupled to waveguide with linear dispersion relationship [19] has
been extended to that of giant atom(s) interacting with structured environment, e.g., coupled
resonators/cavities [20–24] or linear waveguide with designed spatial coupling sequence [25].
The giant-atom effects in optical regime is also proposed with two coupled Rydberg atoms
[26]. Giant atom in two dimensional environment was proposed with atomic matter wave
in optical lattice [16]. The interplay between giant atoms and topological environment has
also drawn more and more attention [27–29]. Recent work unveils the behavior of giant
atoms coupled to a non-Hermitian Hatano-Nelson (HN) mode due to the asymmetric inter-site
tunneling rates [30]. Giant atoms with chiral quantum optics [25,29,31–36] have opened new
possibilities to realize chiral or nonreciprocal phenomena such as directed emission and chiral
bound states [37, 38]. The entanglement dynamics [39] and non-Markovian disentanglement
dynamics [40] in double-giant-atom waveguide-QED systems were studied for separated,
braided, and nested coupling configurations. Maximally entangled long-lived states of giant
atoms can be generated with photon-mediated interactions in a waveguide when the system is
driven by a resonant classical field [41]. The two-level giant atom has been extended to three-
level artificial atom [42–44]. A recent trend of giant atom study is to explore the physics in
ultrastrong coupling regime [45–47] and multi-photon/phonon process [10, 44, 48–51]. Last
but not least, the real-space environment that interacts with giant atoms can be extended to a
synthetic frequency dimension [36].

Giant atoms not only represent another paradigm change in quantum optics but also can
be exploited for designing functional quantum devices, e.g., unidirectional microwave photon
emitter (absorber) [31, 34] and single photon/phonon router [43, 52], that are suitable for
building interconnects within extensible quantum networks. Note that the capabilities of these
functional quantum devices are mostly realized based on the size-induced self-interference
effects of giant atom [10, 21, 27, 40, 40, 42, 50, 51, 53–55]. In fact, non-Markovianity due to
the time delays among the legs of giant atoms can also be a valuable resource for quantum
information processing [56,57]. In this work, we propose that a two-leg non-Markovian giant
atom can be utilized to tweeze (catch and release) the propagating field in the environment
on demand. Such photon/phonon tweezer may find its application as a hardware-efficient
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memory unit for quantum signal processing [58] in quantum networks, where the precise
control of traveling field is highly demanding for large-scale networked quantum systems [59].

Our paper is organized as follows. In Section 2, we introduce the experimental setups
and the model Hamiltonian of giant atom with multiple coupling points. In Section 3, we
derive the Heisenberg equation of motions (EOM) for the operators of giant atom and bosonic
field in the harmonic limit, which are then analytically solved with Laplace transformation
method. In Section 4, we investigate the scattering dynamic and calculate the scattering
coefficients based on the linear response theory. From the scattering spectrum, we obtain
a criteria to define the non-Markovian regime for a giant atom. In Section 5, we investigate
and numerically verify the proposal to catch and release propagating bosonic field with a two-
leg non-Markovian giant atom, which can be implemented by a circuit-QED architecture. In
Section 6, we summarize the results in the paper and outlook the research directions in the
future to design more non-Markovian quantum devices with giant atoms.

2. Experimental Setup and Model Hamiltonian

The experimental device we consider is made up of an artificial atom (transmon) [3, 60]
coupled to, e.g., the piezoelectric waveguide via designed metallic fingers as shown in
Fig. 1(b), or the one-dimensional (1D) meandering transmission line via multiple coupling
points as shown in Fig. 1(c). The bosonic modes in the piezoelectric waveguide and the
1D transmission line are the surface acoustic waves (SAWs) [61–63] and electromagnetic
microwaves respectively. In both experimental setups, the artificial giant atom is coupled to
the electric potential field φ(x, t) that is induced either by SAWs via piezoelectric mechanism
or confined directly in the 1D transmission line. The theoretical model is sketched by Fig. 1(a)
and the total system Hamiltonian can be split into three parts Hs = Htr +HtL +Hint , where
Htr, HtL and Hint represent the transmon (atom) Hamiltonian, the field Hamiltonian and their
interaction Hamiltonian respectively.

2.1. Artificial atom

The transmon, which plays the role of artificial atom in our model, is made up of a SQUID
loop with Josephson energy EJ and coupled capacitively to the bosonic field modes in the
transmission line (waveguide). The Hamiltonian of transmon including its interaction with
bosonic field is described by [3]

Htr +Hint =
(2e)2

2CΣ

(n̂− n̂s)
2 −EJ cos η̂

≡ 4ECn̂2 −EJ cos η̂ −8ECn̂n̂s +4ECn̂2
s . (2.1)

Here, n̂s is the offset charge of the transmon measured in units of the Cooper pair charge
2e, and EC = e2/2CΣ is the charging energy of transmon with CΣ the total capacitance. The
two conjugate observables of transmon are the net number of Copper pairs n̂ and the phase
difference η̂ across the Joesphson junctions (JJs) of SQUID. By defining the ladder operator

b̂ ≡
( EJ

32EC

) 1
4 η̂ + i

( 2EC
EJ

) 1
4 n̂, the free transmon Hamiltonian is

Htr = 4ECn̂2 −EJ cos η̂ ≈ h̄Ω(b̂†b̂+
1
2
)−κ(b̂+ b̂†)4, (2.2)

where Ω =
√

8ECEJ/h̄ is known as the Josephson plasma frequency and κ = EC/12 is the
nonlinearity to the 4th-order expansion of Josephson potential.
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Figure 1. Devices: Sketch and experimental setups of giant atom. (a) Sketch of theoretical
model: an atom (empty circle) coupled to a transmission line (gray) at multiple points x j
with positive (blue) and negative (orange) coupling strength. (b) Experimental schematic of
a transmon capacitively coupled to surface acoustic waves (SAWs) via interdigital transducer
(IDT, orange and blue finger-like structures). The giant atom is implemented by the transmon
that is made up of two Josephson junctions forming a SQUID loop with tunable Josephson
energy EJ and capacitance CJ . The SAWs propagating on the substrate (gray) are coupled to
transmon via piezoelectric mechanism. (c) Experimental schematic of a transmon coupled
capacitively to a microwave transmission line via multiple points. The distance between
coupling points can be tuned by meandering the transmission line.

2.2. Bosonic field

The bosonic mode that directly couples to the transmon is the electrical potential field φ(x, t).
Its corresponding conjugate field is the flux field Φ(x, t) ≡

∫ t dt ′φ(x, t ′) satisfying classical
wave equations (∂ 2

t − v2∂ 2
x )Φ(x, t) = 0 with v the velocity of propagating field. Assuming

a linear dispersion relationship of bosonic modes ωk = |k|v with k the wavenumebr, the
quantized flux field and electric potential field are [64]

Φ̂(x, t) =

√
h̄Z0v
4π

∫
∞

−∞

dk
1

√
ωk

(
âke−i(ωkt−kx)+H.c.

)
, (2.3)

φ̂(x, t) = − i

√
h̄Z0v
4π

∫
∞

−∞

dk
√

ωk

(
âke−i(ωkt−kx)−H.c.

)
. (2.4)

Here, Z0 is the characteristic impedance of transmission line, âk is the annihilation operator
of the bosonic mode with wavenumber k satisfying [âk, â

†
k′ ] = δ (k− k′). From Eqs. (2.3) and

(2.4) , we have [Φ̂(x, t), φ̂(x′, t)] = ih̄Z0vδ (x−x′). The quantized Hamiltonian of bosonic field
modes is

HtL =
∫ +∞

−∞

dk h̄ωk â†
k âk. (2.5)

2.3. Interaction

The coupling between transmon and bosonic field mode is described by the Hint = −8ECn̂n̂s
in Eq.(2.1). The offset charge is n̂s =

1
2e ∑m Cmφ̂(xm, t), where Cm represents the effective
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capacitance of each coupling point at the position xm. From Eq. (2.4), we obtain the interaction
Hamiltonian

Hint =
4EC

e

√
1

2η

√
h̄Z0v
4π

N

∑
m=1

Cm

∫
∞

−∞

dk
√

ωk

(
âkeikxm −H.c.

)
(b̂− b̂†)

≈ − 4EC

e

√
1

2η

√
h̄Z0v
4π

N

∑
m=1

Cm

∫
∞

−∞

dk
√

ωk

(
b̂†âkeikxm +H.c.

)
. (2.6)

In the second line, we have adopted the rotating wave approximation (RWA) by dropping off
the counter-rotating terms like â†

k b̂† and âkb̂. By introducing the coupling strength at each

coupling point cm ≡− 4EC
e

√
1

2η

√
h̄Z0v
4π

Cm, the total system Hamiltonian is simplified as

Hs = h̄Ω(b̂†b̂+
1
2
)−κ(b̂+ b̂†)4 +

∫ +∞

−∞

dk h̄ωk â†
k âk

+
N

∑
m=1

cm

∫ +∞

−∞

(
eikxm âkb̂† +H.c.

)√
ωkdk. (2.7)

Here in our work, we allow the coupling legs of giant atom to stretch from both sides of
transmon, cf., blue and orange colors in Fig. 1. As a result, the coupling strength cm belonging
to different groups of coupling legs can be either positive or negative.

3. Heisenberg equation of motion and solution

Given the system Hamiltonian, we now derive the equation of motion (EOM) for the giant
atom operator b̂ and the field operator âk. In this work, we set the transmon Hamiltonian
in the harmonic limit [κ → 0 in Eq. (2.7)]. In this case, the system keeps in the coherent
states during time evolution if we prepare all the hamonic modes in coherent states initially.
As a result, the EOM of the averaged atomic operator over the coherent state follows the
same EOM for the atomic probability amplitude in the single-excitation approximation [13].
Therefore, all the conclusions obtained in this work are valid either for the multi-level atom
without nonlinearity (a harmonic oscillator) or the two-level atom in the single photon/phonon
process.

3.1. Heisenberg equation of motion

The Heisenberg EOMs for the atomic operator b̂(t) and the field operator âk(t) are given by
d
dt

b̂(t) =
1
ih̄
[b̂(t),Hs] =−iΩb̂(t)− i

h̄ ∑
m

cm

∫
∞

−∞

eikxm âk(t)
√

ωkdk (3.1)

d
dt

âk(t) = − i
h̄
[âk(t),Hs] =−iωkâk(t)− i

√
ωk

h̄ ∑
m

cme−ikxm b̂(t). (3.2)

Formally integrating the EOM (3.2) of the field operator, we have

âk(t) = e−iωkt
[

âk(0)− i
√

ωk

h̄ ∑
m

cme−ikxm

∫ t

0
dt ′eiωkt ′ b̂(t ′)

]
. (3.3)

Inserting Eq. (3.3) into Eq. (3.1), we obtain
d
dt

b̂(t) = − iΩb̂(t)− i
h̄ ∑

m
cm

∫
∞

−∞

√
ωkeikxm e−iωkt âk(0)dk

− 1
h̄2v ∑

m,m′
cmcm′

∫ t

0
dt ′b̂(t ′)

∫
∞

0
eiωk(|τmm′ |+t ′−t)

ωkdωk. (3.4)
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Here, we have used the linear dispersion relation of field modes ωk = v|k|, and defined the
delay time τmm′ ≡ (xm − xm′)/v between two coupling points at xm and xm′ .

In order to further simplify Eq. (3.4), we adopt the well-known Weisskopf-Wigner
approximation [65] for each coupling point. Since the intensity of the emitted radiation is
dominant in the range around the atomic transition frequency Ω, we can approximate the
integral over the frequency around ωk ≈ Ω and replace dωk by d(ωk −Ω) in the last term
of Eq. (3.4). By setting the lower limit as negative infinity (−∞) and using the identity∫ +∞

−∞
eixtdt = 2πδ (x), the Eq. (3.4) is simplified as

d
dt

b̂(t)≈ − iΩb̂(t)− i

√
Γv
2π

∑
m

cm

∫
∞

−∞

eikxme−iωkt âk(0)dk

−Γ ∑
m,m′

cmcm′

∫ t

0
δ (t − t ′−|τmm′ |)b̂(t ′)dt ′

= − iΩb̂(t)− i

√
Γv
2π

∑
m

cm

∫
∞

−∞

eikxm−iωkt âk(0)dk

−Γ ∑
m,m′

cmcm′ b̂(t −|τmm′ |)Θ(t −|τmm′ |). (3.5)

Here, we have introduced the parameter Γ ≡ 2πΩ

h̄2v
, and Θ(x) is the Heaviside step function.

Since the EOM for b̂(t) is linear, we assume the solution to be the following form

b̂(t)≡ χ(t)b̂(0)+
∫

∞

−∞

dkξk(t)âk(0) (3.6)

with initial conditions χ(0) = 1 and ξk(0) = 0. Plugging this solution into Eq. (3.5), we have

d
dt

χ(t) = − iΩχ(t)−Γ

∫ t

0
g(t − t ′)χ(t ′)dt ′, (3.7)

d
dt

ξk(t) = − iΩξk(t)−Γ

∫ t

0
g(t − t ′)ξk(t ′)dt ′− i

√
Γv
2π

∑
m

cmeikxm−iωkt ,(3.8)

where we have defined the memory function

g(t − t ′) = ∑
m,m′

cmcm′δ (t − t ′−|τmm′ |). (3.9)

Since both the atom operator b̂(t) and field operator âk(0) have to satisfy the noncommutative
relationship [b̂(t), b̂†(t)] = 1 and [âk(0), â

†
k′(0)] = δ (k− k′), we have the restriction condition

|χ(t)|2 +
∫

∞

−∞
dk|ξk(t)|2 = 1.

In the harmonic limit, the Hamiltonian (2.7) describes the linear problem where a
harmonic oscillator interacts with the continuum of harmoinc modes in the transmission line.
If the system is initially prepared in the coherent states with coherent values ⟨b̂(0)⟩ = β (0)
and ⟨âk(0)⟩= ξk(0) for the atom state and filed mode respectively, the atom will keep staying
in the coherent state |β (t)⟩ with coherent value given by

β (t)≡ ⟨b̂(t)⟩= χ(t)β (0)+
∫

∞

−∞

dkξk(t)αk(0). (3.10)

As already proved by Ref. [13], the complex harmonic amplitude β (t) = ⟨b̂(t)⟩ follows
exactly the same EOM as that of the probability amplitude for the two-level atom in the
single-excitation approximation.
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In order to solve the EOMs of χ(t) and ξk(t) given by Eqs. (3.7) and (3.8), we perform the
Laplace transformation E f (s)≡

∫
∞

0 dt f (t)e−st with f representing χ(t) or ξk(t), and obtain

Eχ(s) =
1

s+ iΩ+Γ∑m,m′ cmcm′e−s|τmm′ |
, (3.11)

Eξk
(s) = − i

√
Γv
π

∑m cmeikxm

(s+ iωk)[s+ iΩ+Γ∑m,m′ cmcm′e−s|τmm′ |]
. (3.12)

The time evolution of χ(t) and ξk(t) can be obtained by applying the inverse Laplace
transformation to Eqs. (3.11) and (3.12)

χ(t) = ∑espoletRes(Eχ(s),spole) = ∑espolet lim
s→spole

Eχ(s)(s− spole),

ξk(t) = ∑espoletRes(Eξk
(s),spole) = ∑espolet lim

s→spole
Eξk

(s)(s− spole),(3.13)

where Res(E f (s),spole) is the residue of E f (s) at the pole spole. From Eqs. (3.11) and (3.12),
the poles of Eχ(s) and Eξk

(s) are spole =−iωk, and also given by the roots (labeled sn) of the
following equation

s+ iΩ+Γ ∑
m,m′

cmcm′e−s|τmm′ | = 0. (3.14)

Thus, for t > 0, we have the solutions as following:

χ(t) = ∑
n

esnt

1−Γ∑m,m′ cmcm′ |τmm′ |e−sn|τmm′ |
, (3.15)

ξk(t) = − i

√
Γv
2π

∑
n

∑m cmeikxmesnt

(sn + iωk)[1−Γ∑m,m′ cmcm′ |τmm′ |e−sn|τmm′ |]

− i

√
Γv
2π

∑m cmeikxme−iωkt

i(Ω−ωk)+Γ∑m,m′ cmcm′eiωk|τmm′ |
. (3.16)

If the pole spole = −iωk also satisfies Eq. (3.14), the transmon is decoupled from the mode
ωk = isn, and the value of ξk(t) is zero. Given the solution of b̂(t), we obtain the field operator
ϕ̂(x, t) at position x and time t in the transmission line from Eq.(3.3)

ϕ̂(x, t)≡ 1√
2π

∫
∞

−∞

dkeikx âk(t)

≈ − i

√
Γ

v ∑
m

cmb̂(t − |x− xm|
v

)Θ(t − |x− xm|
v

)

+
1√
2π

∫
∞

−∞

dkei(kx−ωkt) âk(0). (3.17)

Here, we used the Weisskopf-Wingner approximation again as we did in Eq. (3.4). The density
of field in the transmission line is given by p(x, t) = |⟨ϕ̂(x, t)⟩|2, which also describes the
probability density to find a photon/phonon with all the possible wavenumber k.

3.2. Effective model

As shown in Fig. 1(b), in the experiment of giant atom coupled to the SAW field [4, 5, 57],
several separated IDTs are often arranged coupled to the same transmission line with long
distance (e.g., hundreds of SAW wavelengths), while the distance of neighboring fingers
inside each IDT is close to SAW wavelength. In this section, we prove that the separated
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Figure 2. Effective models: a giant atom (empty circle) with multiple legs that are divided
into two separate groups. The signs of coupling strength of the giant atom’s legs in each group
is set to be (a) positive and negative alternately; (b) positive uniformly. The lower halves in
both figures show the simplified effective giant-atom model with two effective coupling points
that locate at the center of each group. Parameters τ , T and T̃ represent the delay times of
bosonic field propagating between the neighboring legs in each group, the two groups and the
two effective coupling points, respectively.

IDTs far apart from each other can be simplified to an effective model, in which the each IDT
can be treat integrally as a single coupling point with the effective coupling strength that can
be tuned by the system parameters.

As shown in Fig. 2, we consider a giant atom model in which the total coupling points
can be divided into two separated parts that locate far way from each other. Without loss
of generality, we assume the coupling legs are uniformly distributed in each part and the
numbers of legs in the left and right parts are even integers N1 and N2, respectively, with
N1 ≤ N2. In Fig. 2(a), we set the single-leg coupling strength to be cm1 = (−1)m1c1 with
m1 = 1,2, · · · ,N1 and cm2 = (−1)m2c2 with m2 = N1 +1, · · · ,N1 +N2. In Fig. 2(b), we set the
single-leg coupling strength to be uniform, i.e., cm1 = c1 with m1 = 1,2, · · · ,N1 and cm2 = c2
with m2 = N1+1, · · · ,N1+N2. We set τ as the delay time between the neighboring legs in the
same part, and T as the delay time between the rightmost leg of the left part and the leftmost
leg of right part. The delay times are obtained by combining arbitrary two coupling points. As
a result, all the possible delay times |τmm′ | can be classified into two groups: 1) the delay times
traveling inside each part, i.e., |τmm′ |= n jτ with n j = 0,1,2, · · ·,N j −1, where j = 1,2 labels
the two separated parts; 2) the delay times across the two separated parts, i.e., |τmm′ |= T +nτ

with n = 0,1,2, · · ·,N1 +N2 −2. For the delay times of first group, the combination number is
N j for n j = 0; and 2(N j −n j) for n j > 0. For the delay times of second group, the combination
number is 2(n+ 1) for n < N1; 2N1 for N1 ≤ n < N2; and 2(N1 +N2 − n− 1) for n ≥ N2,
respectively.

For the case of Fig. 2(a), assuming the bosonic field is in the ground state ⟨âk(0)⟩ = 0,
we have EOM of β (t)≡ ⟨b̂(t)⟩ from Eq. (3.5)

d
dt

β (t) = − iΩβ (t)−Γ ∑
m,m′

cmcm′β (t −|τmm′ |)Θ(t −|τmm′ |)

= (−iΩ+N1γ1/2+N2γ2/2)β (t)

− ∑
j=1,2

γ j

N j−1

∑
n j=0

(−1)n j(N j −n j)β (t −n jτ)Θ(t −n jτ)
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−
√

γ1γ2

[
N1−1

∑
n=0

(n+1)+
N2−1

∑
n=N1

N1 +
N1+N2−2

∑
n=N2

(N1 +N2 −n−1)

]
× (−1)n+1

β (t −T −nτ)Θ(t −T −nτ). (3.18)

Here, we have defined parameters γ1 = 2Γc2
1, and γ2 = 2Γc2

2. Note that the above EOM
is written in the lab frame. In the RWA, the dynamics of β (t) can be separated into a
fast oscillation with frequency Ω and a low time evolution of amplitude β (t) = β̃ (t)e−iΩt .
If the longest delay times inside the two separated parts N1τ , N2τ are much shorter than
the characteristic time of β̃ (t), we are allowed to neglect the delay time differences nτ in
β̃ (t − nτ), and replace the delay time differences T + nτ in β̃ (t − T − nτ) by the traveling
time between the centers of two separated parts T̃ = T + (N1 +N2)τ/2− τ , cf. the lower
subfigure of Fig. 2(a). In the end, the EOM of β (t) is equivalent into the simplified model
with two effective coupling legs (see detailed derivation in Appendix A)

d
dt

β (t) = − i(Ω+ ∆̃)β (t)− γ̃1β (t)− γ̃2β (t − T̃ )Θ(t − T̃ ), (3.19)

with the Lamb shift ∆̃ and the effective decay rate γ̃1, γ̃2 defined as

∆̃ = − 1
2 ∑

j=1,2
γ j

N j sin(Ωτ)+ sin(N jΩτ)

1+ cosΩτ
, (3.20)

γ̃1 =
1
2 ∑

j=1,2
γ j

1− cos(N jΩτ)

1+ cosΩτ
, (3.21)

γ̃2 =
√

γ1γ2
cos(∆NΩτ)− cos(N̄Ωτ)

1+ cosΩτ
. (3.22)

Here, N̄ = (N1 +N2)/2 and ∆N = (N2 −N1)/2.
For another case shown in Fig. 2(b), the EOM of β (t) can also be expressed by the

simplified model of Eq. (3.19) but with Lamb shift ∆̃ and effective decay rates γ̃1, γ̃2 given by
(see detailed derivation in Appendix A)

∆̃ =
1
2 ∑

j=1,2
γ j

N j sin(Ωτ)− sin(N jΩτ)

1− cosΩτ
(3.23)

γ̃1 =
1
2 ∑

j=1,2
γ j

1− cos(N jΩτ)

1− cosΩτ
(3.24)

γ̃2 =
√

γ1γ2
cos(∆NΩτ)− cos(N̄Ωτ)

1− cosΩτ
. (3.25)

Both the Lamb shift and the strength of the coupling points depend on the atom frequency
Ω, the finger numbers, accumulating phase Ωτ and coupling strength distributions. Note that,
for the experimental setup as shown in Fig. 1(b), if we set each finger pair as a single leg,
Eqs. (3.23)-(3.25) are also applied as long as we double the delay time τ and replace the
capacitance of each leg by that of a finger pair [5].

4. Scattering dynamics

We now investigate the scattering dynamics of giant atom and the bosonic field in the
transmission line. In the study of giant atoms, the long-time static scattering coefficients
are often analyzed through the wave-function approach by calculating the eigenstates of total
system [43,66]. In this section, we develop an alternative method to calculate the time-varying
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scattering coefficients based on the linear response theory [67, 68]. We first introduce a weak
driving term in the Hamiltonian as a probe field, and then solve the time evolution of the
responsed giant atom and the bosonic field. We divide the amplitude of the scattered bosonic
fields by the probe field, and consequently derive the scattering coefficients.

4.1. The probe drive

As illustrated in Fig. 1(a), an incident probe plane wave with frequency ωd and amplitude f is
sent from the left to the right in the transmission line. The probe plane wave will then interact
with all the coupling points of the giant atom in sequence. By setting the moment when the
plane wave pass the leftmost coupling point as the initial time, we write the total Hamiltonian
as H = Hs +HD with the driving term HD given by

HD = − i
2

h̄ f ∑
m

cmeiωd(t−τm)Θ(t − τm)b̂+H.c.=− i
2

h̄Ω f b̂+H.c. (4.1)

Here, the parameter Ω f ≡ f ∑m cmeiωd(t−τm)Θ(t − τm) describes the collective driving effect
of all the coupling points, where τm ≡ (xm − x1)/v is the traveling time of the drive and Θ(x)
is the Heaviside step function.

4.2. Linear response of giant atom

In order to solve the dynamics of giant atom in the presence of probe drive, we just need to
replace the Hamiltonian Hs in Heisenberg EOMs (3.1) and (3.2) by H = Hs +HD, and extend
the solution of the giant atom operator b̂(t) given by Eq. (3.6) to the following form

b̂(t)≡ ζ (t)+χ(t)b̂(0)+
∫

∞

−∞

dkξk(t)âk(0). (4.2)

Here, ζ (t) represents the linear response of the giant atom to the probe drive. Using Laplace
transformation similar to Eqs. (3.7) and (3.13), we obtain the analytical solutions of ζ (t),χ(t)
and ξk(t). The solutions of χ(t) and ξk(t) are the same as Eqs. (3.15) and (3.16) while the
linear response term ζ (t) is given by

ζ (t) =
f ∗ ∑m c∗me−iωd(t−τm)

2(−i∆+Γ∑m,m′ cmcm′eiωd |τmm′ |)

+∑
n

f ∗ ∑m c∗mesn(t−τm)

2(sn + iωd)(1−Γ∑m,m′ cmcm′ |τmm′ |e−sn|τmm′ |)
, (4.3)

where the parameter ∆ ≡ ωd −Ω is the atom-drive frequency detuning, and sn represents the
roots of Eq. (3.14).

4.3. Scattering dynamics of bosonic field

We now discuss the scattering dynamics of bosonic field in the transmission line. In order to
calculate the scattering coefficients, we define the following field operator

Ψ̂(x, t)≡
∫

∞

−∞

dk
√

ωkeikx âk(t). (4.4)

Note that the above field operator Ψ̂(x, t) is different from the previous field operator ϕ̂(x, t)
defined in Eq. (3.17) by a factor

√
ωk in the integrand. As a result, the quantity of |⟨Ψ̂(x, t)⟩|2

measures the intensity of field energy (scaled by h̄) while the quantity of |⟨ϕ̂(x, t)⟩|2 measures
the density of bosonic mode number (or the probability for single photon/phonon dynamics)
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in the transmission line. Given the solution of the giant atom operator b̂(t), we have the time
evolution of the field operator Ψ̂(x, t) from Eq. (3.3)

Ψ̂(x, t) = − ih̄Γ∑
m′

cm′ b̂(t −|x− xm′ |/v)Θ(t −|x− xm′ |/v)

+
∫

∞

−∞

dk
√

ωkeikxm âk(0)e−iωkt . (4.5)

Assuming the initial state of giant atom and the bosonic field are both in the ground states,
we then have ⟨b̂(t)⟩= ζ (t) according to Eq. (4.2). The reflection coefficient can be calculated
from the bosonic field energy intensity near the left side of the leftmost first coupling point
⟨Ψ̂(x1, t)⟩. According to the driving Hamiltonian Eq. (4.1), the corresponding probe driving
amplitude is 1

2 ih̄ f ∗e−iωd t . Therefore, the dynamic of reflection coefficient is given by

R(t)≡ |⟨Ψ(x1, t)⟩|2

| 1
2 h̄ f ∗e−iωd t |2

=
4Γ2

| f ∗|2
|∑

m′
cm′ζ (t − τm′)|2. (4.6)

According to Eq. (4.3), the corresponding long-time limit of reflection coefficient is given by

R(t → ∞) =
Γ2|∑m cmeiωdτm |4

|− i∆+Γ∑m,m′ cmcm′eiωd |τmm′ ||2
. (4.7)

In contrast, the field near the right side of the rightmost last coupling point is the superposition
of the probe field and transmitted field. Assuming there are N coupling points in total, the
dynamics of transmission coefficient is then given by

T (t)≡
| 1

2 ih̄ f ∗e−iωd(t−τN)+ ⟨Ψ̂(xN , t)⟩|2

| 1
2 h̄ f ∗e−iωd t |2

=
| f ∗e−iωd(t−τN)−2Γ∑m′ cm′ζ (t − τN + τm′)|2

| f ∗e−iωd t |2
(4.8)

with corresponding long-time limit

T (t → ∞) =
∣∣∣1− Γ|∑m cmeiωdτm |2

−i∆+Γ∑m,m′ cmcm′eiωd |τmm′ |

∣∣∣2. (4.9)

In Fig. 3(a), we plot the time-dependent reflection and transmission coefficients,
calculated from Eqs. (4.6) and (4.8), for a giant atom with N = 5 coupling points. Note
that, in the early time of scattering process, the sum of reflection and transmission can be
either larger or smaller than one. This is because the giant atom has not yet established a
static state due to the finite time delays among legs, and thus the coupling points of giant atom
can store or release field during this transient process. In the long-time limit when the giant
atom establishes a static state, we have

T (∞) = 1− 2Γ2|∑m cmeiωdτm |2

|− i∆+Γ∑m,m′ cmcm′eiωd |τmm′ ||2
Re[ ∑

m,m′
cmcm′eiωd |τmm′ |]

+
Γ2|∑m cmeiωdτm |4

|− i∆+Γ∑m,m′ cmcm′eiωd |τmm′ ||2

= 1− Γ2|∑m cmeiωdτm |4

|− i∆+Γ∑m,m′ eiωd |τmm′ ||2
= 1−R(∞). (4.10)

Here, we have used the following relationship

|∑
m

cmeiωdτm |2 = ∑
m,m′

cmcm′eiωd(τm−τm′ ) = Re[ ∑
m,m′

cmcm′eiωd |τmm′ |]. (4.11)
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Figure 3. Scattering coefficients for a giant atom with N equal strength coupling point.
(a) The time-dependent reflection coefficient R(t) and transmission coefficient T (t). In
the long time limit, R(∞) is consistent with the analytical result in Eq.(4.13) satisfying
R(∞)+T (∞) = 1. (b)-(c): Stationary reflection coefficient R(∞) as functions of the delay
time τ between the neighbouring coupling points (b); the drive-atom frequency detuning
∆ = ωd −Ω (c); and the relaxation rate γ at single coupling point (d). Parameters: (a) N = 5,
Ωτ = 2π , ωd = 0.9Ω and γ = 0.02Ω; (b) N = 20, Ω = 1,ωd = 0.9Ω and γ = 0.02Ω; (c)
N = 20, Ωτ = 2π and γ = 0.005Ω; (d) N = 20 and Ωτ = 2π .

4.4. Examples

As a concrete example, we consider a N-leg giant atom with equal coupling strength cm = c0
and equal delay time τ between the neighboring coupling points. Therefore, all the possible
delay times are τmm′ = nτ with n= 0,1,2, · · ·,N−1. The combination number of each possible
delay time is N for n = 0; and 2(N −n) for n ̸= 0. From Eq. (4.6) and the identity

N−1

∑
n=0

(N −n)einφ =
N
2
+

1− cos(Nφ)

2(1− cosφ)
+ i

N sinφ − sin(Nφ)

2(1− cosφ)
, (4.12)

we have the analytical expression of the stationary reflection coefficient for the N-leg model

R(∞) =

[
γ

2
1−cos(Nωdτ)
1−cos(ωdτ)

]2

[
ωd −Ω− γ

2
N sin(ωdτ)−sin(Nωdτ)

1−cos(ωdτ)

]2
+
[

γ

2
1−cos(Nωdτ)
1−cos(ωdτ)

]2 . (4.13)

Here, γ = 2Γc2
0 is the relaxation rate the single coupling point. For N-leg giant atom with

alternative couplings sequence cm = (−1)mc0, the reflection coefficient can be derived by
replacing the ωdτ in Eq.(4.13) with ωdτ + π . From the above expression of reflection, the
bare atomic level is modified by a Lamb shift ∆L and an effective decay rate γ̃ given by

∆L =
γ

2
N sin(ωdτ)− sin(Nωdτ)

1− cos(ωdτ)
, γ̃ =

γ

2
1− cos(Nωdτ)

1− cos(ωdτ)
. (4.14)

When the driving field is resonant with this shifted level, i.e.,

ωd = Ω+
γ

2
N sin(ωdτ)− sin(Nωdτ)

1− cos(ωdτ)
, (4.15)
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Figure 4. Lamb shift ∆L as a function of frequency detuning ∆ = ωd −Ω for the Markovian
(orange) and non-Markovian (blue) giant atoms. The green line indicates the resonance
condition ∆L = ∆ for point-like small atom. Parameters: N = 20, Ωτ = 2π , T = (N − 1)τ
and γtot = N2γ .

the reflection coefficient is R = 1. The full reflection condition can be obtained by adjusting
the frequency of the giant atom Ω, the driving frequency detune ∆, and the relaxation rate γ

at single coupling point.
In Figs. 3(b)-(d), we plot the long-time limit of reflection coefficient of the giant atom

with N = 20 coupling points. Note that the Lamb shift and the effective decay rate given by
Eq. (4.14) are different from the results obtained in the absence of driving field, cf., Eqs. (3.23)
and (3.24), by replacing the atomic frequency Ω with the driving frequency ωd . In fact, the
propagating phase accumulation can be divided into ωdτ = Ωτ +∆τ , where the second phase
accumulation from detuning is neglected in the Markovian regime [26]. Such a detuning-
dependent phase is origin of peculiar scattering features in the transmission and reflection
spectra [69].

4.5. Non-Markovian giant atom

An interesting phenomenon is that the giant atom can have multiple full reflection points as
the driving frequency tunes. As shown in Fig. 3(d), for point-like small atom (γτ = 0), the full
reflection happens only for ωd = Ω. However, as γ increases, two more side full-reflection
peaks appear for non-resonant driving frequencies. To illustrate how to search for the full-
reflection side peaks, we consider the resonant condition Eq. (4.15) for the case of Ωτ = 2π ,

∆ =
γ

2
N sin(∆τ)− sin(N∆τ)

1− cos(∆τ)
. (4.16)

In Fig.4, we plot the two sides of the above condition as functions of frequency detuning
∆ = ωd −Ω. Except the trivial solution ∆ = 0, the existence of other solutions is

d
d∆

∣∣∣
∆=0

(
γ

2
N sin(∆τ)− sin(N∆τ)

1− cos(∆τ)

)
=

γ

6
N(N2 −1)τ > 1. (4.17)

By introducing the total decay rate γtot ≡N2γ and the total delay time T ≡ (N−1)τ , the above
condition becomes

γtotT >
6

1+1/N
. (4.18)
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We see that the full-reflection side peaks only appear when the total delay time of field across
the all the coupling points is NOT negligible. In fact, the condition Eq. (4.18) can be taken as
a criteria to define the non-Markovian regime for a giant atom (in the case of Ωτ = 2π).

5. Catch and release of propagating field: a photon/phonon tweezer

In quantum networks, the control of traveling quantum fields encoded with information (flying
qubit) is crucial for coherent information transfer [70,71]. The quantum information between
distant nodes is physically shared by catching and releasing flying qubits. In this section,
we propose a photon/phonon tweezer with two-leg giant atom that can catch and release
propagating bosonic field in the transmission line.

5.1. Dark state and bound state

Suppose that the giant atom is in the excited state and the environment is in the vacuum
state initially. According to Eqs. (3.6) and (3.15), the atom does not decay totally to zero if
there exists purely imaginary pole sn, and will stay in the dark state decoupled completely
to the dissipative environment. Assuming the pure imaginary pole of Eq. (3.14) has the form
sn =−i 2nπ

Nτ
, n ∈ Z, we have the dark state condition for the special case that all the coupling

points have equal coupling strength cm = c0 (m = 1,2, · · · ,N) [13]

Ωτ =
2nπ

N
− 1

2
Nγτ cot

(nπ

N

)
, n ∈ Z. (5.1)

Under this condition, the dynamics of atomic dark state is

β (t) = A(n)e−i 2nπ
Nτ

t with A(n)≡ 2sin2(nπ/N)

2sin2(nπ/N)+Nγτ
. (5.2)

In the case that the coupling sequence is set to be cm = (−1)mc0 (m = 1,2, · · · ,N), we obtain
the dark state condition

Ωτ =
2nπ

N
− 1

2
Nγτ tan

(nπ

N

)
, n ∈ Z. (5.3)

The corresponding dynamics of atomic dark state is given by

β (t) =
2cos2(nπ/N)

2cos2(nπ/N)+Nγτ
e−i 2nπ

Nτ
t . (5.4)

According to Eqs. (5.2) and (5.4), the probability amplitude of giant atom is less than one
|β (t)| < 1 in the non-Markovian regime (γτ > 0). This is because giant atom needs a
finite time to build the destructive interference among different coupling points. During this
transient time, some field excitation leaks outside the coupling points and never comes back.

The difference between the Markovian and the non-Markovian giant atom can also be
revealed by the bound state trapped inside the coupling points. From Eq. (3.17), we have the
field function in the transmission line as follows

ϕ(x, t)≡ ⟨ϕ̂(x, t)⟩ ≈ 1√
2π

∫
∞

−∞

dkei(kx−ωkt)⟨âk(0)⟩

− i

√
Γ

v ∑
m′

cm′β (t −|x− xm′ |/v)Θ(t −|x− xm′ |/v). (5.5)

In the case of equal coupling strength cm = c0 (m = 1,2, · · · ,N) and for a given dark mode
sn = −i 2nπ

Nτ
, the corresponding stationary field number density pn(x) = |ϕ(x, t → +∞)|2 can
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be directly calculated from Eqs. (5.5) and (5.2) (see detailed derivation in Ref. [13])

pn(x) =
8γ

v

sin2 nπ

N sin2
(

nπ

N m′
)

(
2sin2 nπ

N +Nγτ

)2 sin2
[nπ

N

(
m′+2λ −1

)]
. (5.6)

Here, we have parametrized the position coordinate as x = (m′ − 1)vτ + λvτ with m′ =
1,2, . . . ,N and λ ∈ [0,1). Also, note that Γ = 2πΩ

h̄2v
and γ = 2Γc2

0. When the position x is
outside the interval [x1,xm], the field intensity completely vanishes. Clearly, the field intensity
is zero at the two ends, x1 = 0 (i.e., m′ = 1 and λ = 0) and xN = (N −1)vτ (i.e., m′ = N and
λ = 0). This is in stark contrast to the bound state due to local impurity (small atom) in the
environment, where the field bound state is exponentially suppressed on both sides of impurity
(small atom). The total field excitation of bound state can be calculated analytically [13]

I(n) =
∫ xN

x1

pn(x) dx =
2Nγτ sin2

(
nπ

N

)
[
2sin2 ( nπ

N

)
+Nγτ

]2

[
1+

N
4nπ

sin
(2nπ

N

)]
. (5.7)

Note that the total field excitation disappears I(n)→ 0 in the Markovian limit γτ → 0. As a
result, the bound state can only exist in the non-Markovian regime γτ > 0.

Compared to the dark state condition in Markovian limit γτ → 0, the dark state condition
for a non-Markovian giant atom given by Eq. (5.1) or (5.3) is nonlinear with respect to the
dark mode integer n. Therefore, there is possibility of existing two dark modes sn1 =

2πn1
Nτ

and
sn2 =

2πn2
Nτ

with n1 ̸= n2 for the same system parameter setting. For example, we can choose
the following system parameters to satisfy the dark state condition Eq. (5.1) [13]

Ωτ = 2n1π

N − 2(n1−n2)π
N

cot( n1π

N )
cot( n1π

N )−cot( n2π

N )
> 0,

γτ = 4(n1−n2)π
N2

1
cot( n1π

N )−cot( n2π

N )
> 0.

(5.8)

In this case, the long-time dynamics of the giant atom is β (t)→ A(n1)e−iΩn1 t +A(n2)e−iΩn2 t

with A(n) given by Eq. (5.2). The excitation of atom |β (t)|2 and the total field of two bound
states I(n1,n2)≡

∫
p(x, t → ∞)dx in the environment are given by [13]{
|β (t)|2 = A2(n1)+A2(n2)+2A(n1)A(n2)cos[(Ωn1 −Ωn2)t],
I(n1,n2) = I(n1)+ I(n2)−2A(n1)A(n2)cos[(Ωn1 −Ωn2)t].

(5.9)

Because the oscillating bound state does not decay, total excitation probability of the atom
and the field |β (t)|2 + I(n1,n2) is conserved,

5.2. Catching a single propagating wave packet

As discussed in the above section, the bound state of bosonic field in the transmission line
only exists for non-Markovian giant atom. In fact, this non-Markovianity can be explored as a
resource to realize a tweezer that can catch and release a propagating field in the transmission
line that is useful for quantum signal processing [58].

As shown in Fig. 5(a), we assume a single bosonic wave packet propagating from left to
right in the transmission line with the free field function described by

ϕ0(x, t) =
1√
2π

∫
∞

−∞

dkeik(x−vt)
φk(0)

=

(
2σ2

k
π

) 1
4

exp
[
−σ

2
k (x− x0 − vt)2 + ik0(x− x0 − vt)

]
. (5.10)
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Figure 5. (a) Three-steps protocol to catch a wave packet propagating in the transmission line:
(upper) the atom’s frequency Ω is tuned far away from the centre frequency of wave packet
Ω ≫ Ω0; (middle) the atom’s frequency is turned on the resonance condition Ω = Ω0 and
dark condition Ωτ/π = 2n+ 1; (lower) wave packet is caught with probability P meanwhile
also reflected and transmitted. (b) Time evolution of field intensity |ϕ(x, t)|2, cf. Eq. (5.13),
in the transmission line corresponding to figure (a). (c) The catching probability P as a
function of the phase difference between giant atom’s two legs Ωτ/π = 2n+ 1 with arrow
indicating the optimal catching condition of n ≈ 4∆x/λ0. The width of wave packet is set
to be ∆x/λ0 = 5 in the simulation. (d) The catching probability P as a function of wave
packet width ∆x/λ0 on the optimal point Ωτ/π = 8∆x/λ0 +1. The inset is the log-log plot of
ln(1/2−P) versus ln(∆x/λ0) showing that the asymptotic behaviour of P follows a power law
P = 0.5−C(∆x/λ0)

−α with fitting exponent α ≈ 0.2.

Here, the coefficient φk(0) = ⟨âk(0)⟩ follows a Gaussian distribution around a central
wavenumber k0 > 0 with standard deviation σk in the momentum k space,

φk(0) =

(
1

2πσ2
k

) 1
4

exp
[
−1

4

(k− k0

σk

)2
− ikx0

]
. (5.11)

The field intensity |ϕ0(x, t)|2 indeed represents a propagating wave packet with central
position x = x0 + vt and width ∆x = (2σk)

−1. According to Eq. (3.6) including the initial
field condition, we have the atomic EOM of β (t) = ⟨b̂(t)⟩ as follows

d
dt

β (t) = − iΩβ (t)− 1
2

Nγb(t)− γ

N−1

∑
l=1

β (t − lτ)Θ(t − lτ)

− i

√
γv
2

N

∑
m=1

ϕ0(xm, t), (5.12)
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and the field EOM in the transmission line from Eq. (5.5),

ϕ(x, t) = ϕ0(x, t)− i
√

γ

2v

N

∑
m=1

β

(
t − |x− xm|

v

)
Θ

(
t − |x− xm|

v

)
. (5.13)

In Fig. 5(a), we propose a three-step protocol to catch the propagating wave packet with
a two-leg giant atom. The initial field in the transmission line is given by Eq. (5.10), and the
giant atom is in the ground state. The upper subfigure shows a wave packet in the transmission
propagates from left side of giant atom with centre frequency Ω0 = 2π/k0 and wave packet
width ∆x = 5λ0, where λ0 = 2π/k0 is the centre wavelength of wave packet. At the beginning,
the characteristic frequency Ω of giant atom is tuned far away from the wave packet central
frequency, i.e., Ω ≫ Ω0. When the wave packet arrives at the center of atom’s two legs as
shown by the middle subfigure, the atom’s frequency is turned on resonance with the wave
packet’s frequency (Ω = Ω0) and also satisfies the dark state condition, i.e., Ωτ = (2n+1)π
with n ∈ Z. After that, as shown by the lower subfigure, the wave packet can be caught or
trapped by the giant atom with probability P, meanwhile the wave packet is also reflected and
transmitted.

In Fig. 5(b), we show the time evolution of field intensity |ϕ0(x, t)|2 in the transmission
line corresponding to Fig. 5(a). In Fig. 5(c), we plot the catching probability P as a function of
the phase difference Ωτ/π = 2n+1 between giant the atom’s two legs. We see that the optimal
choice of phase difference to catch the wave packet is given approximately by n ≈ 20, which
is about four times multiple of the wave packet width measured by the centre wavelength, i.e.,
n = 4∆x/λ0 or equivalently

Ωτ

π
=

8∆x
λ0

+1. (5.14)

This above empirical optimal condition is verified by numerical simulations for other wave
packet lengths. In Fig. 5(d), we plot the catching probability P as a function of wave packet
width ∆x/λ0 on the optimal condition Eq. (5.14). We see that the optimal catching probability
approaches P = 50% as the wave packet width increases. Assuming the asymptotic behaviour
follows a power-law, i.e., P = 0.5−C(∆x/λ0)

−α , the inset shows the power-law exponent is
α ≈ 0.2. In principle, the optimal catching probability can reach P = 50% as the wave packet
approaches a plane wave (the distance of giant atom’s two legs becomes infinity).

5.3. Catching superposition state of two counter-propagating wave packets

In order to increase the probability to catch the propagating bosonic field, we propose to use
another counter-propagating wave packet as shown in Fig. 6(a). The initial field function is
set to be in the superposition state of two counter-propagating wave packets as follows

ϕ0(x, t) =
( 1

8π∆x2

) 1
4
e−

1
4∆x2 (x−x0−vt)2+ik0(x−x0−vt)

+
( 1

8π∆x2

) 1
4
e−

1
4∆x2 (x+x0−vτ+vt)2+ik0(x+x0−vτ+vt)

. (5.15)

The catching process is similar to that for the single wave packet, namely, the resonance and
dark state condition is turned on when the two wave packets meet in the center of two legs.

In Fig. 5(b), we show the time evolution of field intensity |ϕ(x, t)|2, cf. Eq. (5.13), in
the transmission line corresponding to Fig. 5(a). In Fig. 6(c), we plot the catching probability
P as a function of the phase difference Ωτ/π = 2n+ 1 between giant atom’s two legs. The
arrow in this figure indicates the same optimal catching condition Eq. (5.14) for the single
wave packet case, i.e., Ωτ/π = 8∆x/λ0 +1. Fig. 6(d) shows the optimal catching probability
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Figure 6. (a) Three steps to catch a superposition state of two counter-propagating wave
packets in the transmission line: (upper) free propagating of two wave packets by setting the
frequency of giant atom Ω ≫ Ω0; (middle) the frequency of giant atom is turned to satisfy
the resonance condition Ω = Ω0 and darks state condition Ωτ/π = 2n+1; (lower) two wave
packets are caught with probability P while some are lost indicated by arrows. (b) Time
evolution of field intensity |ϕ(x, t)|2, cf. Eq. (5.13), in the transmission line corresponding
to figure (a). (c) The catching probability P as a function of the phase difference between
two legs Ωτ/π = 2n+ 1. The arrow indicates the optimal catching condition: n ≈ 4∆x/λ0.
The widths of wave packets are set to be ∆x/λ0 = 5 in the simulation. (d) The catching
probability P as a function of wave packet width ∆x/λ0 on the optimal catching condition:
Ωτ/π = 8∆x/λ0 +1. The inset is the log-log plot of ln(1−P) versus ln(∆x/λ0) showing that
the asymptotic behaviour of P follows a power law P = 1−C(∆x/λ0)

−α with fitting exponent
α ≈ 0.2. (e) The atomic excitation |β (t)|2 for different wave packet widths as a function of
time during the whole catching process.

P as a function of wave packet width ∆x/λ0 showing that the optimal probability approaches
P = 100% as the widths of two wave packets increase. The inset shows a power-law behavior
P = 1 −C(∆x/λ0)

−α with the power-law exponent α ≈ 0.2. The catching probability is
already P ≈ 95% for the wave packet width ∆x = 75λ0. In principle, the optimal catching
probability can be P = 100% as the two wave packets approach plane waves. Note that, for a
two-level giant atom, the the initial field state given by Eq. (5.15) represents a single bosonic
field excitation in the transmission line. If we want to catch two or more bosonic excitations,
the two-level atom can be in replaced by a harmonic oscillator (LC circuit) with characteristic
frequency Ω [13].

In Fig. 6(e), we plot the time evolution of atomic excitation for different wave packet
widths during the whole catching process. We see that the atomic excitation is indeed very
low, i.e., |β (t)|2 ≤ 0.1 for ∆x > 10λ0, due to the destructive interference of two wave packets
trapped between two legs. Another interesting feature shown by Fig. 6(e) is that the atomic
excited probability |β (t) = ⟨b̂(t)⟩|2 oscillates longer as the width of wave packets increases.
This can be explained by Eq. (3.6) together with solutions Eqs. (3.15) and (3.16). The solution
for β (t) is basically the superposition of the dark mode sn, i.e., the first term on the right hand
side of Eq. (3.16), plus the residual harmonic modes from the propagating wave packet, i.e.,
the second term on the right hand side of Eq. (3.16). As result, the time evolution of |β (t)|2
exhibits oscillations as time. However, the second term on the right hand side of Eq. (3.16)
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Figure 7. (a) Circuit-QED implementation of catching and releasing a microwave photon with
two-leg giant atom. (b) Spacetime plot of the field intensity |ϕ(x, t)|2, cf. Eq. (5.13), in the
loop transmission line during the whole catching and releasing process. The four subfigures
on the right are the snapshots of field intensity at selected time moments, at which the two
wave packets are separated (t1 = 41π/Ω), overlapped (t2 = 82π/Ω), trapped (t3 = 256π/Ω),
and released (t4 = 491.5π/Ω). .

in general dephases since it is a sum of many independent modes. Therefore, in the infinite
long time limit, the contribution of β (t) will be dominant by the single dark mode sn resulting
a constant |β (t → ∞)|2. The dephasing time becomes longer if the second term on the right
hand side of Eq. (3.16) contains less modes (i.e., wider the width of wave packets), which is
exactly shown by Fig. 6(e). According to field function given by Eq. (5.13), the bound state
in the waveguide tweezed by the two-leg giant atom is also oscillating with some dephasing
time, which can be seen from the plots of Fig. 5(b) and Fig. 6(b).

5.4. Circuit-QED implementation

As discussed above, the probability to catch a superposition state of two counter-propagating
wave packets is much higher than the probability to catch a single propagating wave packet.
Based on this fact, we propose a circuit quantum electrodynamics (QED) architecture, as
shown in Fig. 7(a), to implement our proposal.

In our scheme, the microwave photon in the form of single propagating wave packet is
sent from the left side to the transmission line. The traveling photon is then routed downside
via a circulator to another transmission line with a loop in the end. At the bifurcation of the
loop, the single propagating wave packet is split into a superposition state of two counter
propagating wave packets in the loop. Note that, to guarantee full transmission of field at the
bifurcation point, the impedance of the loop line has to be twice of the impedance of incoming
transmission line, which can be achieved by setting the width of the loop to be half of the
incoming transmission line. The giant artificial atom made of tunable transmon is coupled
to the loop line with two legs. When the two counter propagating wave packets meet in the
middle of the loop, the giant atoms is turned to satisfy the dark state condition and thus the
microwave photon is trapped between the two legs of giant atom. After the microwave photon
is caught, as indicated by Fig. 6(b), the shape of the tweezed photon will continue evolving
to a stationary standing wave with n antinodes, cf., Eq. (5.6) for N = 2. When the photon is
released again on demand, it will split into two separated propagating waves that have quite
different shape from the incoming wave packet (transformation of flying qubits). They meet
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again at the bifurcation of the loop and emerge into a single traveling photon, which is then
routed to the right transmission line. In Fig. 7(b), we show time evolution of the field in the
transmission line during the whole catching and releasing process. The four subfigures on the
right are the snapshots of the field intensity distribution at selected time moments.

In the conventional circuit QED, the photon state can be caught and stored in a cavity or
resonator with tunable coupling strength to the transmission line outside [72–74]. In contrast,
our proposed scheme directly catches and stores the traveling field on the transmission line
with two-leg giant atom. Different from the previous designs, we utilize non-Markovianity as
a valuable resource allowing simpler and flexible circuit QED architecture, e.g., we can tune
the bound state condition (5.1) to catch and release traveling photon with different frequencies.

Note that the shape of released field is different from that of incident field pulse. In
our current proposal, the qubit information is encoded with the vacuum and single-excitation
states as others [70, 71] while the shape of the pulse is not used to encode information.

6. Summary and Outlook

In this work, we have investigated the dynamics of propagating bosonic field coupled to a
giant atom. We started from the model of a giant atom that interacts with the bosonic modes
in the transmission line via multiple coupling legs stretching from both sides of transmon.
Thus the couple constant at each leg can be either positive or negative. We derived the
dynamics for both giant atom and bosonic field in the transmission in the harmonic limit.
We calculated the scattering coefficients based on the linear response theory. We defined
the non-Markovian regime for the giant atom from the property of scattering spectrum. We
explored the non-Markovianity of giant atom as a resource to manipulate the traveling field.
Based on the bound state condition for the two-leg non-Markovian giant atom, we numerically
simulated the process of catching and releasing the propagating bosonic field. We found the
catching probability can be significantly enhanced using a superposition state of two counter
propagating wave packets. In the end, we proposed a circuit-QED architecture to catch and
release traveling microwave photon in the transmission line.

We outlook the problems and possible research directions for the future study. To
increase further the catching probability, one possible solution is to use giant atom with
more than two coupling points with carefully design coupling strengths as the leaked field
can be caught again by legs outside. The shape of field pulse can also used to encode
quantum information but theory shows that a small atom with fixed coupling to a waveguide
is only able to catch properly shaped traveling field, e.g., exponentially rising or time-
reversal symmetrized single-photon pulses [71]. Non-Markovian giant atom provides a
possible solution to this problem. We would expect to generate and catch bound state with
desired shape by designing the coupling constant at each leg (possibly complex [35]). The
nonlinear bound state condition (5.1) in the non-Markovian regime also shows that one giant
atom can catch two bound state simultaneously, which can be utilized to realize multimode
quantum memories [74]. For precise control of encoded quantum information in the flying
qubit, it is also important to further examine the decoherence effects, speed, fidelity, and
robustness of bound states. Another interesting direction is to go beyond the single-excitation
approximation and control multiphoton bound states for quantum information processing with
bosonic code states [75].
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Appendix A.
Deviration for effective model

As mentioned in the main text, the giant atom with multiple legs divided into two separate
groups can be simplified into an effective model, in which each group can be treat as a single
coupling point with the effective coupling strength that can be tuned by the system parameters.
Here, we present detailed derivations for the effective model from the EOM of atom.

We first discuss the case shown in Fig. 2(a), where the single-leg coupling strength is to
be cm1 = (−1)m1c1 with m1 = 1,2, · · · ,N1 and cm2 = (−1)m2c2 with m2 = N1+1, · · · ,N1+N2.
If the bosonic field is initially in the ground state ⟨âk(0)⟩ = 0, we have the EOM of
β (t)≡ ⟨b̂(t)⟩ from Eq. (3.18),

d
dt

β (t) = − iΩβ (t)−Γ ∑
m,m′

cmcm′β (t −|τmm′ |)Θ(t −|τmm′ |)

= (−iΩ+N1γ1/2+N2γ2/2)β (t)

− ∑
j=1,2

γ j

N j−1

∑
n j=0

(−1)n j(N j −n j)β (t −n jτ)Θ(t −n jτ)

−
√

γ1γ2

[
N1−1

∑
n=0

(n+1)+
N2−1

∑
n=N1

N1 +
N1+N2−2

∑
n=N2

(N1 +N2 −n−1)

]
× (−1)n+1

β (t −T −nτ)Θ(t −T −nτ), (A.1)

with parameters γ1 = 2Γc2
1, and γ2 = 2Γc2

2. Note that the above EOM is written in the
lab frame. In the RWA, the dynamics of β (t) can be separated into a fast oscillation with
frequency Ω and a low time evolution of amplitude β (t) = β̃ (t)e−iΩt . Thus, for t > 0, the
EOM of β̃ (t) has the form

d
dt

β̃ (t) = (N1γ1/2+N2γ2/2)β̃ (t)

− ∑
j=1,2

γ j

N j−1

∑
n j=0

(−1)n j(N j −n j)ein jΩτ
β̃ (t −n jτ)Θ(t −n jτ)

−
√

γ1γ2

[
N1−1

∑
n=0

(n+1)+
N2−1

∑
n=N1

N1 +
N1+N2−2

∑
n=N2

(N1 +N2 −n−1)

]
× (−1)n+1eiΩ(T+nτ)

β̃ (t −T −nτ)Θ(t −T −nτ). (A.2)

If the time delays inside the two separated parts N1τ , N2τ both are much shorter than
the characteristic time of β̃ (t), we are allowed to neglect the delay time differences nτ in
β̃ (t − nτ), and replace the delay time differences T + nτ in β̃ (t − T − nτ) by the traveling
time between the centers of two separated parts T̃ = T + (N1 +N2)τ/2− τ , cf. the lower
subfigure of Fig. 2(a). Thus, we have

d
dt

β̃ (t)≈ N1γ1 +N2γ2

2
β̃ (t)− ∑

j=1,2
γ j

N j−1

∑
n j=0

(−1)n j(N j −n j)ein jΩτ
β̃ (t)
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−
√

γ1γ2

[
N1−1

∑
n=0

(n+1)+
N2−1

∑
n=N1

N1 +
N1+N2−2

∑
n=N2

(N1 +N2 −n−1)

]
× (−1)n+1eiΩ(T+nτ)

β̃ (t − T̃ )Θ(t − T̃ )

= ∑
j=1,2

γ j

[
N j

2
−

N j−1

∑
n j=0

(N j −n j)ein jφ

]
β̃ (t)

+
√

γ1γ2

[
N1−1

∑
n=0

(n+1)+
N2−1

∑
n=N1

N1 +
N1−1

∑
n=0

(N1 −n−1)eiN2φ

]
× eiΩT einφ

β̃ (t − T̃ )Θ(t − T̃ )

= ∑
j=1,2

γ j

[
N j

2
−

N j−1

∑
n j=0

(N j −n j)ein jφ

]
β̃ (t)

+
√

γ1γ2eiΩT (1− eiN2φ )
N1−1

∑
n=0

(n+1)einφ
β̃ (t − T̃ )Θ(t − T̃ )

+N1
√

γ1γ2eiΩT

[
N2−1

∑
n=N1

einφ + eiN2φ

N1−1

∑
n=0

einφ

]
β̃ (t − T̃ )Θ(t − T̃ )

= − ∑
j=1,2

γ j

[
1− cos(N jφ)

2(1− cosφ)
+ i

N j sinφ − sin(N jφ)

2(1− cosφ)

]
β̃ (t)

+
√

γ1γ2
(1− eiN1φ )(1− eiN2φ )

(1− eiφ )2 eiΩT
β̃ (t − T̃ )Θ(t − T̃ )

= − ∑
j=1,2

γ j

[
1− cos(N jφ)

2(1− cosφ)
+ i

N j sinφ − sin(N jφ)

2(1− cosφ)

]
β̃ (t)

+
√

γ1γ2
cos∆Nφ − cos N̄φ

1− cosφ
ei(N̄−1)φ eiΩT

β̃ (t − T̃ )Θ(t − T̃ )

= − i∆̃β̃ (t)− γ̃1β (t)− γ̃2eiΩT̃
β̃ (t − T̃ )Θ(t − T̃ ), (A.3)

where φ = Ωτ +π . Here we have used the identity Eq. (4.12). With the even N1 and N2, we
derive that the Lamb shift ∆̃ and the effective decay rate γ̃1, γ̃2 as

∆̃ = − 1
2 ∑

j=1,2
γ j

N j sin(Ωτ)+ sin(N jΩτ)

1+ cosΩτ
, (A.4)

γ̃1 =
1
2 ∑

j=1,2
γ j

1− cos(N jΩτ)

1+ cosΩτ
, (A.5)

γ̃2 =
√

γ1γ2
cos(∆NΩτ)− cos(N̄Ωτ)

1+ cosΩτ
, (A.6)

where N̄ = (N1 +N2)/2 and ∆N = (N2 −N1)/2. Using the transformation β̃ (t) = eiΩtβ (t),
we go back to the EOM of β (t) given by

d
dt

β (t) = − i(Ω+ ∆̃)β (t)− γ̃1β (t)− γ̃2β (t − T̃ )Θ(t − T̃ ). (A.7)

Thus, we have proved that the giant-atom structure with two separate groups of coupling
points can be further simplified into an effective model of two coupling points.

We then discuss the case shown in Fig. 2(b), where the single-leg coupling strength is set
to be uniform, i.e., cm1 = c1 and cm2 = c2 with m1 = 1,2, · · · ,N1; m2 = N1 + 1, · · · ,N1 +N2.
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The corresponding EOM of β (t) is given by

d
dt

β (t) = (−iΩ+N1γ1/2+N2γ2/2)β (t)

− ∑
j=1,2

γ j

N j−1

∑
n j=0

(N j −n j)β (t −n jτ)Θ(t −n jτ)

−
√

γ1γ2

[
N1−1

∑
n=0

(n+1)+
N2−1

∑
n=N1

N1 +
N1+N2−2

∑
n=N2

(N1 +N2 −n−1)

]
×β (t −T −nτ)Θ(t −T −nτ). (A.8)

Based on the derivation similar to Eq. (A.3), the EOM of β̃ (t) has the form

d
dt

β̃ (t) = − ∑
j=1,2

γ j

[
1− cos(N jφ)

2(1− cosφ)
+ i

N j sinφ − sin(N jφ)

2(1− cosφ)

]
β̃ (t)

−
√

γ1γ2
cos∆Nφ − cos N̄φ

1− cosφ
ei(N̄−1)φ eiΩT

β̃ (t − T̃ )Θ(t − T̃ ), (A.9)

with parameter φ = Ωτ . The EOM of β (t) can also be expressed by the simplified model of
Eq. (A.7), with the Lamb shift ∆̃ and the effective decay rates γ̃1, γ̃2 given by

∆̃ =
1
2 ∑

j=1,2
γ j

N j sin(Ωτ)− sin(N jΩτ)

1− cosΩτ
, (A.10)

γ̃1 =
1
2 ∑

j=1,2
γ j

1− cos(N jΩτ)

1− cosΩτ
, (A.11)

γ̃2 =
√

γ1γ2
cos(∆NΩτ)− cos(N̄Ωτ)

1− cosΩτ
. (A.12)
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[47] Terradas-Briansó S, González-Gutiérrez C A, Nori F, Martı́n-Moreno L and Zueco D 2022 Phys. Rev. A 106(6)
063717 URL https://link.aps.org/doi/10.1103/PhysRevA.106.063717

[48] Guimond P O, Pletyukhov M, Pichler H and Zoller P 2017 Quantum Science and Technology 2 044012 ISSN
2058-9565 (Preprint 1706.07844) URL http://dx.doi.org/10.1088/2058-9565/aa7f03

[49] Cheng W, Wang Z and Tian T 2023 Laser Physics 33 085203 URL https://dx.doi.org/10.1088/

1555-6611/acde6e

[50] Arranz Regidor S, Crowder G, Carmichael H and Hughes S 2021 Phys. Rev. Res. 3(2) 023030 URL https:

//link.aps.org/doi/10.1103/PhysRevResearch.3.023030

[51] Pichler H and Zoller P 2016 Phys. Rev. Lett. 116(9) 093601 URL https://link.aps.org/doi/10.1103/

PhysRevLett.116.093601

[52] Wang C, Ma X S and Cheng M T 2021 Opt. Express 29 40116–40124 URL https://opg.optica.org/oe/

abstract.cfm?URI=oe-29-24-40116

[53] Qiu Q Y, Wu Y and Lü X Y 2023 Science China Physics, Mechanics & Astronomy 66 224212 ISSN 1869-1927
URL https://doi.org/10.1007/s11433-022-1990-x

[54] Du L, Guo L and Li Y 2023 Phys. Rev. A 107(2) 023705 URL https://link.aps.org/doi/10.1103/

PhysRevA.107.023705

[55] Ask A and Johansson G 2022 Phys. Rev. Lett. 128(8) 083603 URL https://link.aps.org/doi/10.1103/

PhysRevLett.128.083603

[56] Pichler H, Choi S, Zoller P and Lukin M D 2017 Proceedings of the National Academy of Sciences
114 11362–11367 (Preprint https://www.pnas.org/doi/pdf/10.1073/pnas.1711003114) URL
https://www.pnas.org/doi/abs/10.1073/pnas.1711003114

[57] Sletten L R, Moores B A, Viennot J J and Lehnert K W 2019 Physical Review X 9 021056 ISSN 2160-3308
(Preprint 1902.06344) URL http://dx.doi.org/10.1103/PhysRevX.9.021056

[58] Hann C T, Zou C L, Zhang Y, Chu Y, Schoelkopf R J, Girvin S M and Jiang L 2019 Phys. Rev. Lett. 123(25)
250501 URL https://link.aps.org/doi/10.1103/PhysRevLett.123.250501

[59] DiVincenzo D P 1995 Science 270 255–261 (Preprint https://www.science.org/doi/pdf/10.1126/
science.270.5234.255) URL https://www.science.org/doi/abs/10.1126/science.270.

5234.255

[60] Barends R, Kelly J, Megrant A, Sank D, Jeffrey E, Chen Y, Yin Y, Chiaro B, Mutus J, Neill C, O’Malley P,
Roushan P, Wenner J, White T C, Cleland A N and Martinis J M 2013 Physical Review Letters 111 080502
ISSN 0031-9007 (Preprint 1304.2322) URL http://link.aps.org/doi/10.1103/PhysRevLett.

111.080502

[61] Rayleigh L 1885 Proceedings of the London Mathematical Society s1-17 4–11 (Preprint https://

londmathsoc.onlinelibrary.wiley.com/doi/pdf/10.1112/plms/s1-17.1.4) URL https://

londmathsoc.onlinelibrary.wiley.com/doi/abs/10.1112/plms/s1-17.1.4

[62] Datta S 1986 Surface acoustic wave devices URL https://api.semanticscholar.org/CorpusID:

137107497

[63] White R M and Voltmer F W 2004 Applied Physics Letters 7 314–316 ISSN 0003-6951 (Preprint https:
//pubs.aip.org/aip/apl/article-pdf/7/12/314/7521252/314_1_online.pdf) URL https:

//doi.org/10.1063/1.1754276

[64] Peropadre B, Lindkvist J, Hoi I C, Wilson C M, Garcia-Ripoll J J, Delsing P and Johansson G 2013 New
Journal of Physics 15 035009 ISSN 1367-2630 (Preprint 1210.2264) URL https://iopscience.iop.

org/article/10.1088/1367-2630/15/3/035009

[65] Scully M O and Zubairy M S 1997 Quantum Optics (Cambridge University Press) ISBN 9780521435956 URL
https://www.cambridge.org/core/product/identifier/9780511813993/type/book

[66] Cai Q Y and Jia W Z 2021 Phys. Rev. A 104(3) 033710 URL https://link.aps.org/doi/10.1103/

https://link.aps.org/doi/10.1103/PhysRevA.108.023728
https://link.aps.org/doi/10.1103/PhysRevA.108.023728
https://link.aps.org/doi/10.1103/PhysRevA.106.063703
https://link.aps.org/doi/10.1103/PhysRevA.106.063703
https://link.aps.org/doi/10.1103/PhysRevLett.130.053601
https://link.aps.org/doi/10.1103/PhysRevLett.130.053601
https://link.aps.org/doi/10.1103/PhysRevA.106.043710
https://doi.org/10.1038/s42005-022-00991-3
2306.13836
1811.09421
http://dx.doi.org/10.1103/PhysRevA.99.013840
https://link.aps.org/doi/10.1103/PhysRevA.106.013702
https://link.aps.org/doi/10.1103/PhysRevA.106.013702
https://link.aps.org/doi/10.1103/PhysRevA.106.063717
1706.07844
http://dx.doi.org/10.1088/2058-9565/aa7f03
https://dx.doi.org/10.1088/1555-6611/acde6e
https://dx.doi.org/10.1088/1555-6611/acde6e
https://link.aps.org/doi/10.1103/PhysRevResearch.3.023030
https://link.aps.org/doi/10.1103/PhysRevResearch.3.023030
https://link.aps.org/doi/10.1103/PhysRevLett.116.093601
https://link.aps.org/doi/10.1103/PhysRevLett.116.093601
https://opg.optica.org/oe/abstract.cfm?URI=oe-29-24-40116
https://opg.optica.org/oe/abstract.cfm?URI=oe-29-24-40116
https://doi.org/10.1007/s11433-022-1990-x
https://link.aps.org/doi/10.1103/PhysRevA.107.023705
https://link.aps.org/doi/10.1103/PhysRevA.107.023705
https://link.aps.org/doi/10.1103/PhysRevLett.128.083603
https://link.aps.org/doi/10.1103/PhysRevLett.128.083603
https://www.pnas.org/doi/pdf/10.1073/pnas.1711003114
https://www.pnas.org/doi/abs/10.1073/pnas.1711003114
1902.06344
http://dx.doi.org/10.1103/PhysRevX.9.021056
https://link.aps.org/doi/10.1103/PhysRevLett.123.250501
https://www.science.org/doi/pdf/10.1126/science.270.5234.255
https://www.science.org/doi/pdf/10.1126/science.270.5234.255
https://www.science.org/doi/abs/10.1126/science.270.5234.255
https://www.science.org/doi/abs/10.1126/science.270.5234.255
1304.2322
http://link.aps.org/doi/10.1103/PhysRevLett.111.080502
http://link.aps.org/doi/10.1103/PhysRevLett.111.080502
https://londmathsoc.onlinelibrary.wiley.com/doi/pdf/10.1112/plms/s1-17.1.4
https://londmathsoc.onlinelibrary.wiley.com/doi/pdf/10.1112/plms/s1-17.1.4
https://londmathsoc.onlinelibrary.wiley.com/doi/abs/10.1112/plms/s1-17.1.4
https://londmathsoc.onlinelibrary.wiley.com/doi/abs/10.1112/plms/s1-17.1.4
https://api.semanticscholar.org/CorpusID:137107497
https://api.semanticscholar.org/CorpusID:137107497
https://pubs.aip.org/aip/apl/article-pdf/7/12/314/7521252/314_1_online.pdf
https://pubs.aip.org/aip/apl/article-pdf/7/12/314/7521252/314_1_online.pdf
https://doi.org/10.1063/1.1754276
https://doi.org/10.1063/1.1754276
1210.2264
https://iopscience.iop.org/article/10.1088/1367-2630/15/3/035009
https://iopscience.iop.org/article/10.1088/1367-2630/15/3/035009
https://www.cambridge.org/core/product/identifier/9780511813993/type/book
https://link.aps.org/doi/10.1103/PhysRevA.104.033710


Catch and release of propagating bosonic field with non-Markovian giant atom 26

PhysRevA.104.033710

[67] Bilz H 1982 Berichte der Bunsengesellschaft für physikalische Chemie 86 573–573 (Preprint
https://onlinelibrary.wiley.com/doi/pdf/10.1002/bbpc.19820860623) URL https:

//onlinelibrary.wiley.com/doi/abs/10.1002/bbpc.19820860623

[68] Kubo R 1957 Journal of the Physical Society of Japan 12 570–586 (Preprint https://doi.org/10.1143/
JPSJ.12.570) URL https://doi.org/10.1143/JPSJ.12.570

[69] Du L, Chen Y T and Li Y 2021 Phys. Rev. Res. 3(4) 043226 URL https://link.aps.org/doi/10.1103/

PhysRevResearch.3.043226

[70] Li W, Dong X, Zhang G and Wu R B 2022 Phys. Rev. B 106(13) 134305 URL https://link.aps.org/doi/

10.1103/PhysRevB.106.134305

[71] Li W L, Zhang G and Wu R B 2022 Automatica 143 110338 ISSN 0005-1098 URL https://www.

sciencedirect.com/science/article/pii/S000510982200187X

[72] Yin Y, Chen Y, Sank D, O’Malley P J J, White T C, Barends R, Kelly J, Lucero E, Mariantoni M, Megrant
A, Neill C, Vainsencher A, Wenner J, Korotkov A N, Cleland A N and Martinis J M 2013 Phys. Rev. Lett.
110(10) 107001 URL https://link.aps.org/doi/10.1103/PhysRevLett.110.107001

[73] Pierre M, Svensson I M, Raman Sathyamoorthy S, Johansson G and Delsing P 2014 Applied Physics Letters 104
232604 ISSN 0003-6951 (Preprint https://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/
1.4882646/13940566/232604_1_online.pdf) URL https://doi.org/10.1063/1.4882646

[74] Dai G, He K, He Y, Zhao C, Liu J and Chen W 2023 Phys. Rev. A 107(4) 042428 URL https://link.aps.

org/doi/10.1103/PhysRevA.107.042428

[75] Pfaff W, Axline C J, Burkhart L D, Vool U, Reinhold P, Frunzio L, Jiang L, Devoret M H and Schoelkopf R J
2017 Nature Physics 13 882–887 ISSN 1745-2481 URL https://doi.org/10.1038/nphys4143

https://link.aps.org/doi/10.1103/PhysRevA.104.033710
https://link.aps.org/doi/10.1103/PhysRevA.104.033710
https://onlinelibrary.wiley.com/doi/pdf/10.1002/bbpc.19820860623
https://onlinelibrary.wiley.com/doi/abs/10.1002/bbpc.19820860623
https://onlinelibrary.wiley.com/doi/abs/10.1002/bbpc.19820860623
https://doi.org/10.1143/JPSJ.12.570
https://doi.org/10.1143/JPSJ.12.570
https://doi.org/10.1143/JPSJ.12.570
https://link.aps.org/doi/10.1103/PhysRevResearch.3.043226
https://link.aps.org/doi/10.1103/PhysRevResearch.3.043226
https://link.aps.org/doi/10.1103/PhysRevB.106.134305
https://link.aps.org/doi/10.1103/PhysRevB.106.134305
https://www.sciencedirect.com/science/article/pii/S000510982200187X
https://www.sciencedirect.com/science/article/pii/S000510982200187X
https://link.aps.org/doi/10.1103/PhysRevLett.110.107001
https://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/1.4882646/13940566/232604_1_online.pdf
https://pubs.aip.org/aip/apl/article-pdf/doi/10.1063/1.4882646/13940566/232604_1_online.pdf
https://doi.org/10.1063/1.4882646
https://link.aps.org/doi/10.1103/PhysRevA.107.042428
https://link.aps.org/doi/10.1103/PhysRevA.107.042428
https://doi.org/10.1038/nphys4143

	Introduction
	Experimental Setup and Model Hamiltonian
	Artificial atom
	Bosonic field
	Interaction

	Heisenberg equation of motion and solution
	Heisenberg equation of motion
	Effective model

	Scattering dynamics
	The probe drive
	Linear response of giant atom
	Scattering dynamics of bosonic field
	Examples
	Non-Markovian giant atom

	Catch and release of propagating field: a photon/phonon tweezer
	Dark state and bound state 
	Catching a single propagating wave packet
	Catching superposition state of two counter-propagating wave packets
	Circuit-QED implementation

	Summary and Outlook
	Deviration for effective model

