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The phase-controlled single-photon transport properties of a giant atom coupled to a one-dimensional waveguide are
investigated. The coupling between the giant atom and the waveguide is modeled as a multi-point interaction. The coupling
strengths between the giant atom and the waveguide are represented as complex numbers with associated phases. Analytical
expressions for the scattering amplitudes are obtained using the real-space Hamiltonian method. The results show that the
characteristics of the scattering spectra, including the positions of peaks (or dips) and the full width at half maximum, can
be tuned by adjusting the phase difference between the coupling strengths. Further calculations reveal that the scattering
spectra can be either super-broadened or sub-broadened. The conditions for achieving perfect nonreciprocal single-photon
transport in the Markovian regime are also discussed. Moreover, we demonstrate the control of single-photon transport
through phase differences in the non-Markovian regime. Our results may find applications in the design of quantum devices
operating at the single-photon level, based on waveguide quantum electrodynamics.
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1. Introduction

Waveguide quantum electrodynamics, which studies the
interactions between quantum emitters and propagating pho-
tons in waveguides, has attracted much attention due to its
potential applications in quantum information processing, =3
quantum computing,*7) and as a promising platform!®°! for
investigating quantum optical phenomena. Generally, most
quantum emitters, such as atoms, quantum dots, and NV cen-
ters, can be regarded as point-like because their sizes are negli-

10,11

gible compared to the wavelength of the field.['%!!] Recently,

interactions between superconducting qubits coupled to acous-
tic waves or microwave waveguides have been reported.[!>~13]
Different from the case of small atoms with single-point
coupling, the coupling between superconducting qubits and
acoustic waves should be treated as multi-point coupling, since
the size of the qubit is comparable to the wavelength of the
photon propagating in the waveguide. The multi-point cou-
pling introduces new interaction pathways between the emitter
and the waveguide, leading to many interesting results.[®-23]
These studies provide new methods for designing quantum
devices and offer a platform to explore various quantum ef-
fects, such as decoherence-free subspaces,?*+>! frequency-
comb emission, 20! bound states, ?7-?8! and the Lamb shift.[2%)

Single-photon scattering by giant atoms coupled to a one-
dimensional waveguide has become a hot topic in construct-

ing quantum networks. Wang et al.’%! reported single-photon

TCorresponding author. E-mail: mtcheng @ahut.edu.cn

CSTR: 32038.14.CPB.ade8df

scattering properties in a hybrid system composed of giant
atoms interacting with a coupled-resonator waveguide through
two or multiple coupling points. Subsequently, several groups
investigated single-photon scattering in different configura-
tions, including giant atoms interacting with waveguides ex-
hibiting linear dispersion relations,*!=33] nonlinear dispersion

34331 or topological properties, 34381 as well as mul-

39,40]

relations,
tiple giant atoms coupled to waveguides, ! etc. These in-
vestigations provide many approaches to control single-photon
scattering. Based on these results, various quantum devices,
such as quantum routers!*!=#4! and frequency converters, [+
have been proposed.

The phases of the coupling strengths between quan-
tum emitters and the waveguide are often neglected in many
models. However, when the number of interaction chan-
nels between emitters and the waveguide is no less than two,
the phase differences between the coupling strengths may
play an important role in manipulating quantum phenomena
due to quantum interference effects. We have previously
studied phase-controlled single-photon routing between two
waveguides.[*%] Recent reports show that single-photon non-
reciprocal transport can be realized by manipulating the phase
differences between coupling strengths arising from the multi-
point coupling between giant atoms and the waveguide.*”]
The phase difference, together with energy dissipation, leads

to chiral coupling between the giant atom and the waveg-
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uide. Subsequently, several papers reported the realization of
nonreciprocal single-photon scattering based on the coupling

3348-351 Many quan-

between giant atoms and waveguides.!
tum devices, including quantum routers!**?! and frequency-
tunable single-photon diodes,>®! have been proposed. How-
ever, most of these results are based on the two-point coupling
model. Multi-point coupling can provide additional interac-
tion channels between the giant atom and the waveguide, al-
lowing the system to exhibit richer physical phenomena. For
example, it can produce broad photonic band gaps.’”! The
steady-state entanglement between two giant atoms can also
be enhanced by increasing the number of coupling points. >8]
Recently, Xu and Guol®! investigated chirality, nonreciproc-
ity, and symmetries for a giant atom with multi-point cou-
pling. Here, we further investigate phase-controlled single-
photon transport in a giant-atom—waveguide system. We show
that the full width at half maximum (FWHM) of the scattering
spectra and the positions of the peaks can be well controlled
by the phase differences between the coupling strengths. The
conditions for realizing perfect nonreciprocity in the transmis-
sion spectra are also analyzed. Furthermore, we show that the
single-photon scattering spectra can be strongly affected by
the time delay induced by photon propagation.

2. Model and Hamiltonian of the system

The system considered in this paper is shown in Fig. 1.
A giant atom with an excited state |e) and a ground state
|g) is coupled to a waveguide at positions x = x,,. The cou-
pling strengths at x = x,, are denoted as ge'%”, where g is a
real constant and ¢,, represents the phase. The local coupling
phases ¢,, can be introduced through Josephson-junction loops

threaded by external magnetic fluxes in superconducting quan-
19]

tum devices. !

. gei:

=0

gei@ LN N NN )

gei¢(N-1) geid’zv
z=d z=(N-2)d z=(N-1)d

Fig. 1. Schematic diagram of the system considered in this paper. A giant
atom couples to a waveguide at N equally spaced points with separation
d. The coupling strength between the giant atom and the waveguide at
each point is denoted as ge %,

Under the rotating-wave approximation, the system
Hamiltonian in real space can be written as (& = 1)

Hy, = (wﬁiy)oeﬁ/dxc;(x) <ivg§x) Cr (%)

+./ dxCf (x) (ngaax> Ci(x)

N . N
+Y /dxge‘d’”l&(x—xm)[clg(x)+C£(x)]6ge
m=1

N
+y /dxge*i%a(x—xm)[cR(x) LG (1)
m=1"

Here, ®, is the transition frequency between |e) and |g), and
2y represents the energy loss from |e) to the non-waveguide
modes. C;g (%) (CE (x)) denotes the creation operator for a right-
(left-) propagating photon in the waveguide at position x. vg is
the group velocity of the photon in the waveguide, 6 (x) is the
Dirac delta function, and o represents the dipole transition
operator.

Since we consider only a single excitation in the system,
the eigenstate of the Hamiltonian can be written as

) = [ bk W(0)+ [ dxn (vE ()10
+UeOeg ‘0>7 2

where |0) denotes the vacuum state with no photons in the
waveguide and the giant atom in its ground state. ug (x) (ug(x))
is the probability amplitude of the right- (left-) propagating
photon in the waveguide, and u, is the excitation probability
amplitude of the giant atom.

Assuming a single photon incident from the left side of
the waveguide, ug (x) and u (x) are defined as

el x<0,

uR (x) = ¢ 1, e ikx—md) (m—1)d <x < md, 3)
e kN (N 1)d < x,
rie ik x <0,

uL(x) = { rppre Kol (1) d < x <md, (4)
0, (N—1)d < x.

Here, tme”‘@“””d) [rm+1e’ik(x’md)] denotes the right- (left-)
propagating photon in the region between x; and x;, and ¢;
and r; are coefficients to be determined. Substituting Egs. (3)
and (4) into the Schrédinger equation H |Ey) = Ei|Ey), we ob-
tain

. iq)”'l
e g, 48 0, 5)
Vg
. i0m
et —r, —i 852 =, ©)
Vg
Y ge 0 (tyy +rm) — (A+iY)u=0, (7
m

where A = w — w,, and ty = 1, ry+1 = 0 are defined. The trans-
mission and reflection coefficients of the system are given by

Hh=ty e kNd gnd r = py, respectively. The subscript / denotes
a single photon incident from the left of the waveguide. From

Egs. (5)—(7), after straightforward algebra, one obtains

_ A *AlsﬂLi(Y*Vm)
A—A+i(y+ L)’

h (8a)
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LY eimD8+ion-01) 3 eiln-1)8-i(on—01)
m=1 m=1

A — A +i(y+Ier)

(8b)

where I' = g2 /v. The induced decay rate ¥y, the Lamb shift
Ajs, and the effective decay rate from the giant atom to the
propagating waveguide mode I are given by

N

Yo =2 Y [sin(¢ — @) sin((m —n)6)], (9a)
N

Ay =2I"Y" [coS(¢ — §n) sin((m —n)0)], (9b)

m>n

I =NI'4+2I i[cos(q&m—q)n)cos((m—n)e)}. (9¢)

m>n

Here, 0 is the accumulated phase resulting from photon prop-
agation between two adjacent points, given by 0 = kd =
T(w,+A) = 6y +7TA. T=d/vs denotes the photon propa-
gation time between adjacent points, and 8y = T®,. When 7 is
small, the term TA can be neglected, and the system can be re-
garded as in the Markovian regime. However, when 7 is large,
the contribution of TA to single-photon scattering must be con-
sidered. In this case, the system enters the non-Markovian
regime. It is straightforward to verify that when ¢,, remains
constant, the results reduce to those in Ref. [57].

Equations (9a)—(9c¢) indicate that %,, A5, and I depend
strongly on the phases of the coupling strengths. Thus, by ma-
nipulating the phases ¢,,, one can control the single-photon
scattering properties of the system. For convenience, the en-
ergy loss rate y is neglected temporarily. We set ¢,,+1 — ¢, = ¢
in the following calculations. In this case, Egs. (92)—(9¢) can
be rewritten as

N-1

Yo =2} [(N —s)sin(s¢)sin(s0)], (10a)
s=1
N-1

A =2I' Z [(N —s)cos(s¢)sin(s0)], (10b)

s=1
N—-1
LRg=NI'+2I Y [(N—s)cos(s¢)cos(s8)]. (10c)

s=1

3. Phase-controlled single-photon transport in
the Markovian regime

3.1. Two-point coupling model

We first consider a two-point coupling model, corre-
sponding to the case 6 ~ 6y. To reveal the influence of ¢,
we analyze the two-point coupling configuration based on
Egs. (8a) and (8b). The transmission and reflection amplitudes
are obtained as follows:

A —2I"cos¢sin@ —i2I sin ¢ sin O
A —2Icos¢sin@+i2I'(1+cos¢pcos )’

o —il[1+ '+ [1 4 1(6-9)]
" A2l cos¢sin@+i2l (I +cosgcosh)’

o = (11a)

(11b)

The induced decay, Lamb shift, and effective decay
rate for the two-point coupling model are given by %, =
2I'sin@sing, Aoy = 2I'cosBOcos ¢, and gy = 2I°(1 +
cos 6 cos @), respectively. In the following, we discuss how to
manipulate the single-photon scattering properties by tuning 6
and ¢.

(1) When 6 = pm, one finds that %, = Ao, = 0. The
induced decay and Lamb shift vanish and are independent of
¢ in this condition. However, I, = 2I'(1 + cos &), which
is controlled by the phase ¢, where oo = p — ¢. The single-
photon transmission (o, = [#|%) and reflection (Rop = |r|?)
probabilities are expressed as

AZ
Tiop = 12
2P A2 20 (14 cos )2 (122)
2I°(1 2
Rap [2I°(1 4 cos &t)] (12b)

T AT 20 (1+cosa)]?
It is shown that Ry, exhibits a standard Lorentzian lineshape
centered at A = 0, with a FWHM of 4I"(1 + cos o), while
T», displays an anti-Lorentzian profile. Interestingly, when
o = pmw— ¢ = 2n7, where n is an integer, cos @ reaches its
maximum value of 1. Consequently, Ii, =4I = 22", and
the FWHM of the transmission spectrum becomes 81". The
scattering spectra are thus superbroaded, as shown in Fig. 2(a).
Conversely, when & = prt — ¢ = (2n+1)x, I, = 0, indicat-
ing that the giant atom effectively decouples from the waveg-
uide due to quantum interference between the two photonic
paths, resulting in 7 = 1.

Figure 2 presents Ry, as a function of A and ¢ for 6 =27
(a) and 6 = 7 (b). It clearly demonstrates that the scattering
spectra are symmetric with respect to A for fixed ¢. This sym-
metry originates from the disappearance of the Lamb shift.
Figures 2(e) and 2(f) show cross-sections of (a) and (b), re-
spectively, exhibiting standard Lorentzian profiles centered at
A = 0. These results indicate that the width of the scattering
spectra can be strongly manipulated by controlling ¢.

(2) When 6 = (p + 1/2)m, one obtains %, =
(=1)P2I'sing, Ajp = (—1)P2I'cos @, and I = 21" Ac-
cordingly, 7 and R are expressed as

Axor 24412 sin?
ﬂzp:( cos @) +4I*sin ¢7 (132)
(A£2Icos )2 +4I?
4% cos? ¢
Ry, = . 13b
" (ALolcosd)2+4I2 (130)

The reflection spectrum exhibits a Lorentzian profile cen-
tered at A = F2I cos¢@, with an FWHM of 8I". The peak
value of R can be significantly tuned by adjusting ¢. When
¢ = (p+ 1/2)x, R vanishes and T reaches unity due to quan-
tum interference, implying perfect transmission. For ¢ = g,
where ¢ is an even integer, R reaches its maximum value of
1 at A =2I', while for odd ¢, R =1 occurs at A = —2I, as
shown in Figs. 2(c) and 2(d). Therefore, by adjusting ¢ and I,
one can control the position of the reflection peak, achieving
either a redshift or a blueshift in the scattering spectra.

124206-3



Chin. Phys. B 34, 124206 (2025)

(@ 0 02 04 06 0.3

(®) o 02 04 06 08
| eeess—— |

@ o 0204 06 08

(©)0 02 04 06 03

<05

0.0

0.0

0.0
-10 =10

A/T

=10

A/T

Fig. 2. Single-photon reflection spectra controlled by the phase difference ¢ between the coupling strengths for N = 2. The calculated parameters
are 8 =27 (a), = 7 (b), 8 = /2 (c), and 6 = 37/2 (d). Panels (e)—(h) are extracted from (a)—(d), respectively. In all calculations, I' = 107> @,.

3.2. N-point coupling model

Equations (10c) to (20a) show that when 8 = 2px and
¢ =2qm,or 6 = (2p+1)m and ¢ = (2g+ 1)m, where p and
g are integers, one has Iy = N2I", which is analogous to the
case of superradiance. Since the width of the scattering spectra
strongly depends on I, this situation can thus be considered
as a case of superbroadening. Furthermore, when 6 = 2pw
and ¢ =2n/N, I = 0, and the incident photon transmits with
unit probability. Therefore, this case can be regarded as a sub-
broadening of the scattering spectra.

By substituting Egs. (10b), (10c), and (20a) into Eqs. (8a)
and (8b), one obtains the analytical expressions of the scatter-
ing probabilities for the N-point coupling model with phase-
dependent coupling strengths. When N = 3, 6 = px, and
Ay = ¥%n = 0, we have I = I'(3 4 2cos¢ +cos2¢). The

reflection and transmission probabilities are given by

A2
Tisp = A2+ (3+2cos¢ +cos2¢)]?’ (142)
2
Rsp [[(3+2cos¢ +cos2¢)] (14b)

T AL [T (3+2cosd+cos2g))

The reflection spectra also show a standard Lorentzian line-
shape with a FWHM of 2I3¢. When ¢ = 27, Iy = 32T =
9I'. The reflection spectra are superbroadened, as shown in
Figs. 3(a) and 3(c). However, when ¢ = 27 /3, one obtains
I = 0, and the reflection probabilities remain zero. Thus,
for the case of O = 27, one can control the resonant photon
from being perfectly reflected to being perfectly transmitted
by adjusting the phase ¢.

(a) 0.2 0.4 0.6 0.8 1.0 (b) 0204060810 — ¢=2rn— — ¢g=n - - - $=20/3 — - -p=n/2 ¢ =n/4
 esesessse. |
2L P (©) 1.0 i (1.0 n
,’\ "
3 S I 11 N=3
[
3! () 3! % 0.51 4] 0.5
0=2m/ \ //
0’ ‘ 0 ¥ 0/./
29 0 9 -9 0 -9 0 9 -9
A/T A/T A/T AT
0.2 0.4 0.6 0.8 1.0 0.2 040608 1.0 — #=2% — — ¢ - - g=220/10 — - g=n2 ¢ =n/4
(e)z—:— (f) 2 (g)1.0 - (h) 1.0—
: 0
\k l \k Qi N=10 ” m
S < 0.5 0n ‘;“ 0.5
i
0 0 0 VRS 0
-100 0 100 -100 0 100 -100 0 100 -100 100
AJT AJT AJT

Fig. 3. Single-photon reflection spectra controlled by ¢. In panels (a)

and (b), N =3 with 6 =27 and 6 = 7 /2, respectively. Panels (c) and (d)

are extracted from panels (a) and (b), respectively. In panels (e) and (f), N = 10 with 6 =27 and 6 = /2, respectively. Panels (g) and (h) are

extracted from panels (e) and (f), respectively. In all calculations, I" =

1073 w,.
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When 6 = pm + w/2, Y, Ai, and Iy are given by
Yin = (—1)P4I'sin @, Aig3p = (—1)P4I" cos ¢, and I3, = 31 +
(—1)P*! cos2¢. Therefore, the position of the reflection spec-
tra at which the maximum value is reached can be controlled
by tuning ¢. When ¢ = 27, the reflection spectra reach their
maximum value of 1 at A = A, =4I". However, when ¢ = 7,
this maximum shifts to A = —4I", as shown in Figs. 3(b) and
3(d).

When the number of coupling points increases to 10, the
behavior of the scattering properties remains similar to that
in the case of N = 3, as displayed in Figs. 3(e)-3(h). It is
found that I increases to 102" = 100I" under the condition
6 = ¢ =2n. The FWHM of the reflection spectra is 2001,
as shown in Figs. 3(e) and 3(g). When ¢ = 27/10 = /5,
I = 0, and the incident photon transmits freely. Thus, for
0 =27, the single-photon transport can be tuned continuously
from full reflection to complete transmission by manipulating
the phase ¢.

4. Nonreciprocal single-photon transmission

We now discuss how to realize nonreciprocal single-
photon transmission in this system. When a single photon is
incident from the right side of the waveguide, the transmission
amplitude ¢, is given by

_ A_Als+i<y+%n)

= - . (15)
bA—Ag+i(y+ L)
The corresponding transmission probability 7; is
A — Ay)? 2
T, = ( ls)2 +(Y+%n)2. (16)
(A —A)?> + (v +ILexr)

To quantitatively describe the nonreciprocal single-

photon transmission, we define AT = |7} — T;|. When AT =1,

— 1"1

0.2 0.4 0.6 0.8 1.0
@ ,

--T

perfect single-photon isolation is achieved, while AT = 0 cor-
responds to reciprocal transmission. After some straightfor-
ward algebra, AT can be expressed as

47| ¥in|

AT = .
(A —A)? + (v + Lexr)?

a7

It is evident that ¥ plays a crucial role in realizing perfect
nonreciprocity. When y = 0, AT always equals zero, and the
nonreciprocity vanishes. Similarly, when |%,| = 0, the trans-
mission is reciprocal, implying that the nonreciprocity disap-
pears for 0 = pm or ¢ = pm. The conditions for achieving
perfect nonreciprocity can be obtained as

A :Alsv
4Y|%nl = (v+ Lgr)*.

(18a)
(18b)

Under these conditions, AT = 1, and perfect nonrecipro-
cal transmission is realized. The physical mechanism under-
lying this effect can be explained as follows: when the single
photon is incident from one direction, it is absorbed by the
atom and then re-emitted into free space, resulting in no re-
flection or transmission. In contrast, when the photon is in-
cident from the opposite direction, it is transmitted with unit
probability.

For the two-point coupling model, the conditions for
achieving perfect nonreciprocity become A = Ajs and

8yI"sin@sin g = [y+ 2" (14 cos B cos ¢)]?, (19)

which are consistent with previous reports. It shows that when

0
-100 0
A/D

100

-100 0
A/l

0=¢=mn/2and y=2I", AT =1 at A = 0, indicating that
perfect nonreciprocity is achieved.
~-AT
© (d) 0204 0.6 0.8 1.0
_——
1.0
: ~
0.5| X¢= =
./
0
-10
@ ' 02 0.4 0.6 0.8 1.0
1.0
./., .
0.5 ':' $=3n2 N
\\\ ///
0 B 0 AMNA A
-100 0 100
A/T ¢/7r

Fig. 4. Nonreciprocal single-photon scattering in the Markovian regime. Panels (a) and (e) show AT varying with frequency detuning A and y
for N =3 and N = 10, respectively. Panels (b) and (c) are extracted from (a) at ¢ = /6 and ¢ = 57/6, respectively, with y = 2I". Panels (f) and
(g) are extracted from (e) at ¢ = /2 and ¢ = 37 /2, respectively, with y = 50I". Panels (d) and (h) show AT varying with ¢ and y at A = A for

N =3 and N = 10, respectively.
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For the three-point coupling model, when 6 = /2, ¢ =

(p£1/6)x, and y = 2I', one obtains AT = 1 at A = 2+/3T
[for ¢ = 2p+1/6)m] or at A = —2+/3I" [for ¢ = (2p+ 1+

1/6)7]

the corresponding values of y and ¢ that yield perfect nonre-

. With the increase in the number of coupling points,

ciprocal single-photon transmission can be determined from
the condition 49|%a| = (y+ Iegr)>.

For the case of N = 10, it shows that AT =1 atA =0
when 0 = /2 and ¢ = +7/2 with y = 50I". Figure 4 illus-
trates the dependence of AT on yand ¢ for N =3 and N = 10,
showing that the simulated results are in excellent agreement
with the theoretical analysis.

5. Phase-controlled single-photon scattering in
the non-Markovian regime

When the time delay becomes significant such that the
term TA cannot be neglected, the system dynamics enter the
non-Markovian regime. In this regime, the single-photon scat-
tering behavior is strongly modified, and the nonreciprocal
scattering properties are also influenced by the time delay.

In the Markovian case, for 0 = k7, one always has AT =0

may deviate from zero as a result of the time-delay effect. This
indicates that the time delay itself can induce single-photon
nonreciprocity. Moreover, the degree of nonreciprocity can be
further tuned by adjusting the phase difference ¢.

The conditions for achieving perfect nonreciprocity re-
main A = Ay and 4y|¥n| = (7 + Lgr)?
Markovian regime, all three parameters — %,, Ajs, and I

. However, in the non-

— become functions of TA and are thus modified by the time
delay.

Figure 5 illustrates AT and the reflection spectra in the
non-Markovian regime with 7" = m/4. Both AT and R ex-
hibit oscillatory behavior as functions of A, which is in sharp
contrast to the Markovian case. For N =3 and ¢ = n/6, AT
reaches its maximum at A ~ —41I", differing from the Marko-
vian case where the maximum occurs at A = 4I". Therefore,
in the non-Markovian regime, the conditions for perfect non-
reciprocity should be determined using Eqs. (18a) and (18b).

For N = 10 with 8 = ¢
riodic oscillations with respect to A, as shown in Fig. 5(d),

= 7/2, AT displays nearly pe-

with a period of approximately 4.04I". This property could be
utilized to design single-photon diodes operating at different

due to %, = 0. However, in the non-Markovian regime, AT  frequencies.
(@ 2 1.0 ® 1.0 I © 1.0
N — p=ni2 -
0.8 N=3, — — ¢=n/6 N=3
I
0.6 )
& ~ | \
= 1 0.5 iy g X 05 !
< 04 ° Nl « ‘\ /\‘
oy I
0.2 K A W\
Ao\ oy
0 0 Y A2 K e O oo /\/\/\A/\ A
-10 10 -10 0 10 -10 10
A/T A/F
(d 2 L0 (o) 1.0 ® 0.050
r V=10t i v ﬂ
0.8 !\ ’\(\ Jl“ ) “” H
1 " b I n=10 o» [
0.6 | s | i w e i I 0
0q 057, ) H 0.025 ” i HH
: |
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0.2 ' \‘H " ! f‘\ | m ‘ |
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Fig. 5. AT varying with A and ¢ in the non-Markovian regime for N =3 (a) and N =

10 (d). In the calculations, TI" = 7r/4 and 6 = 7/2. Panels

(b) and (e) are extracted from (a) and (d), respectively, at ¢ = 7/2 and ¢ = 7/6. Panels (c) and (f) show the reflection spectra for N = 3 and
= 10, respectively. y = 2I" is used in panel (a) and y = 50I" in panel (d).

6. Discussion

In the previous sections, we assumed that all separations
between coupling points were equal. In this part, we examine
the influence of unequal separations. In this case, the parame-
ters %n, Ajs, and I are given by

— @) sink(x,; — x,)], (20a)

N
Y =2 ) [sin(¢n

m>n

N
A =2I" Z [coS(Pm — @) sink (2, — Xy )], (20b)

m>n

N
I = NI +2I Z[cos(d)

m>n

— @) cosk(x,,

—x,)]. (20c)

To illustrate the effects of unequal separations more
clearly, we consider the three-point model as an example.
As noted previously, when 6 = /2, ¢ = (p£1/6)x, and
Y = 2I', one obtains AT =1 at A = 2+/3I. Now, we set
0, = k()CQ —xl) =0—-A0and 6, = k(X3 —XQ) =0+A06.

Figure 6 shows the influence of AQ on AT. When A0 is
less than 0.1, AT remains above 0.95. However, when AQ
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reaches 0.27, AT decreases to approximately 0.8. These re-
sults indicate that precise control of the separations is crucial
for realizing quantum phenomena.

1.0
(a)
S 0.5
—10 0 10
A/
1.0
(b)
§ 051
0
0 0.25 0.50
Ab/m

Fig. 6. AT varying with A for A@ = 0.17 (blue solid line) and A0 =0.27
(red dashed line) in panel (a). AT as a function of AQ at A = 24/3I is
shown in panel (b). In the calculations, N =3 and 6 = ¢ = /2.

7. Summary

We have investigated the single-photon scattering proper-
ties of a giant atom interacting with a waveguide at multiple
coupling points. The phase differences between the coupling
strengths play a crucial role in controlling the single-photon
scattering properties, including the FWHM of the scattering
spectra and the positions of the peaks. By adjusting these
phase differences, the reflection spectra can be made super-
broadened or subbroadened. The conditions for realizing per-
fect nonreciprocal single-photon transmission are presented
for the multiple-point coupling model. When the decay of
the giant atom is non-negligible, perfect nonreciprocal trans-
mission can still be achieved by properly manipulating both
the phase differences and the decay rate of the giant atom.
In the non-Markovian regime, single-photon scattering spec-
tra and nonreciprocal behavior can also be controlled through
the phase differences of the coupling strengths. The results of
this work may provide guidance for designing single-photon
devices based on giant atoms.
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