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Environmentally induced decoherence leads to irreversible energy loss during the active charging and
discharging processes of quantum batteries (QBs). To address this issue, we propose a charging protocol
utilizing the nonlocal coupling properties of giant atoms (GAs). In this Letter, both the QB and its charger
are implemented as superconducting GAs with multiple nonlocal coupling points to a shared microwave
waveguide. By engineering these atoms in a braided configuration, where their coupling paths are spatially
interleaved, we realize lossless energy transfer dynamics. This is achieved by exploiting destructive
interference to suppress waveguide-mediated dissipation while simultaneously preserving coherent
interactions between the charger and the QB. The charging properties of separated and nested coupled
configurations are also investigated. The results show that these two configurations underperform the
braided configuration. Additionally, we propose a long-range chiral charging protocol that facilitates
unidirectional energy transfer between the charger and the battery, with the capability to reverse the flow
direction by modulating the applied magnetic flux. Our results provide guidelines for implementing a

decoherence-resistant charging protocol and remote chiral QBs in circuits with GA engineering.
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Introduction—As an energy storage device governed by
quantum mechanical principles, quantum batteries (QBs)
have emerged as one of the most promising applications
related to future quantum technologies [1-9]. Distinct from
classical counterparts, QBs fundamentally exploit quantum
resources—such as quantum coherence and multipartite
entanglement—to enable superior energy storage and
transmission characteristics [10—-12]. Theoretical investi-
gations demonstrate that these nonclassical correlations can
enhance key performance metrics: (i) exponentially accel-
erated charging power through collective quantum effects
[13-19], (ii) superextensive scaling of storage capacity with
system size [20-24], and (iii) nonequilibrium work extrac-
tion surpassing classical counterparts [25-27].

While QBs exhibit superior theoretical performance,
their practical implementation faces two major challenges
rooted in the inherent vulnerability of quantum systems.
The first is the aging problem of the QB, primarily
attributed to intrinsic, uncontrollable decoherence during
the quiescent storage phase [28,29]. This has been
addressed largely through internal structural protection,
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such as symmetry-protected decoherence-free subspaces
[30], destructive interference-enabled dark-state engineer-
ing [31], and periodic-driving-modulated Floquet-engi-
neered interactions [32]. The second, and perhaps more
immediate challenge, is the irreversible energy loss during
the active charging and discharging processes. Unlike the
aging problem in the storage phase, suppressing such
dynamical dissipation typically necessitates complex
extrinsic control, including real-time quantum feedback
with error correction [33], sophisticated environment engi-
neering [34-36], or frequent projective measurements [37].
However, the realization of a self-protected, high-efficiency
charging protocol in the field of QBs remains an open
question.

In this Letter, we propose a foundational principle for
lossless quantum energy transfer by leveraging the spatial
configuration engineering of giant atoms (GAs). Unlike
conventional pointlike atoms, GAs couple to a bosonic
field at multiple discrete points separated by wavelengths
[38], a feature that offers unprecedented control over Lamb
shifts, individual relaxation, and collective decay through
interference effects [39-41]. While prior research has
utilized these nonlocal properties to demonstrate chiral
bound states and unidirectional state transfer [42,43], their

© 2026 American Physical Society
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potential for optimizing quantum energy transfer, specifi-
cally for achieving high-efficiency charging without energy
loss, remains unexplored. Here, we show that by modu-
lating the GA-waveguide interface, one can achieve a
flexible and decoherence-immune charging protocol, pro-
viding a robust framework for remote energy management
in quantum circuits.

In our protocol, two GAs (each coupled to a waveguide
at two spatially separated points) are configured as the
charger and battery element, respectively. We investigate
the charging property of three different coupling configu-
rations: braided, separated, and nested couplings [39].

When the two GAs are in a braided configuration, by
engineering the distance between connection points, we
can observe persistent energy transfer between the charger
and battery without direct coupling.

Simultaneously, dominant and unavoidable decoherence
channels (i.e., irreversible energy leakage into the wave-
guide) are eliminated due to their mutual interference,
thereby achieving perfect, lossless energy transfer between
the charger and the QB.

For the separated and nested structures, we find that the
GAs of both configurations underperform the braided
configuration in terms of charging performance due to
the presence of dissipation in the charging process.

Furthermore, we investigate the possibility of separated
GAs enabling remote chiral charging, where the term
“remote” specifically denotes an effective charging dis-
tance that significantly exceeds the typical length scale of
dipole-dipole coupling. The chiral state transfer mechanism
in GAs was initially introduced in Refs. [44-46] and then
subsequently validated in the experiment [47]. By leverag-
ing this unique characteristic of GAs, we can achieve
directional energy flow between the charger and the battery
and evaluate the resulting charging process.

Model—The charging protocol consists of two GAs
acting as the charger and the QB, in which each GA
interacts with a common 1D waveguide through two
separated coupling points, as shown in Fig. 1. The locations
of these coupling points are labeled by the coordinates x,,,
with j = a, b marking the GAs and n = 1, 2 denoting the
two coupling points of each atom. Under the rotating-wave
approximation, the system Hamiltonian reads (hereafter we
set h=1)

+0o0
H = w, Za}“a; + Z [a)ka};ak

j=a.b k=—oc0
+ 33 (gjuofar +He)l, (1)
j=a,b n=1.2

where 67 = [g;){e;| is the transition operator from the
excited state |e;) to the ground state |g;) with frequency wy
of the charger when j = a and of the QB when j = b and
a; is the annihilation operator of the kth mode with
frequency w; in the waveguide. The constant term g, is

the coupling strength related to the coupling points x;,.
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FIG. 1. Schematics of the (a) braided, (b) separated, and

(c) nested configurations for double two-level GAs with energy
separation ), interacting with a common waveguide. (d) Sche-
matic diagram of our remote chiral charging protocol. The phases

G'ffzb ) are modulated by the external magnetic flux.

Note that we apply the Wigner-Weisskopf approximation
[48-50] in the weak-coupling regime, so the coupling
strength can be treated as independent of k (k is the
magnitude of the wave vector). For simplicity, we assume
that the coupling strength at each connection point is g (i.e.,
gjn = g) and the distance between neighboring coupling
points is d (see Fig. 1).

Charging performance—To investigate the charging
performance of the two GAs, we treat the fields in the
waveguide as the environment for the two GAs [51]. The
evolution of the two atoms is governed by the quantum
master equation. Assuming o, & @y + (£k — ky)v,, with
ko (v,) the wave number (group velocity) of the field at
frequency o [52,53], the dynamics of the two GAs in these
three different coupling configurations are governed by the
unified master equation [51],

pr=—ilHer, p1] + ZFjD[f’ﬂ
Jj=a.b

+ FCOH{D[UI;’ O'Zr] + H'C'}’ (2)

where D[A] = Ap;AT —1/2(A"Ap; + p;ATA), DIA,B] =
ApB" = 1/2(A"Bp; + p,AB), Uicab = 2nm12?
Cos(k0|xjn - xjm|) and l—‘coll = Zn.m:],2 ycos(k0|xan -
Xpm|) are the individual and collective decay rates of the
GAs. The parameter y = 4xg*/ v, is the bare relaxation rate
at each connection point.

The effective Hamiltonian H ¢ of the two GAs in Eq. (2)
takes the form

H.p = Z bw;ol o7 + Zguhal’-*a;, (3)
j=ab 2

where 6w; = >, ,.—1 27 sin(kg|x;, — x;,])/2 is the Lamb
shift of the jth GA and g,, =, 127 sin(kg|x,, —
Xpm|)/2 is the exchange interaction strength. Note that
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Eq. (2) is consistent with the quantum master equation
derived by the SLH formalism in Ref. [39]. The
Hamiltonian H 4 in Eq. (3) reveals that, although a direct
charger-QB interaction is absent, an effective charger-QB
coupling is induced by the mediation role of the electro-
magnetic fields in the waveguide.

OB performance indicators—In the process of charging,
the charger is initialized to its excited state by a pump laser
and then the QB is continuously energized from the charger
[1,54]. The energy of the QB is

E(1) = Trpp(1)Hpg], (4)

where Hp = wyo} 03, and pp(t) = Tr,[p;]. The maximal
amount of work that can be extracted from a state pp(7) is
provided by the ergotropy [1,25,27],

E(t) = Trlpg(t)Hp| — Tr[pp(t)Hpg], (5)

where pg(t) = >, rm(t)]s,) (s, is the passive state,
{r.(t)} are the eigenvalues of pg(r) ordered in a descend-
ing sort, and {|s,,)} are the eigenstates of Hp with the
corresponding eigenvalues s,, ordered in an ascending sort.
The fluctuation between the initial and final time of the
charging process is represented by the correlator [14,55]

5(1) = W (H (1)) — (Hy(1))2 = \/(H(0)) — (HR(0)2].
(6)

where Hp(t) is the Heisenberg time evolution of the
operator Hp. The average charging power of QB is given
by [1]

P(1) =—=. (7)

We investigate the charging property of the two GAs in the
three different coupling configurations shown in Fig. 1. For
each configuration, the initial state of the GA system
is [(0)) = [eq)|g)-

Charging characteristics of braided GAs—In the braided
configuration, the two inner connection points are placed in
between the two connection points of the other atoms, as
shown in Fig. 1(a). We can obtain the Lamb shifts
ow, = 0w, =ysin26, the exchange coupling strength
Jar = 7(3sin@ + sin360)/2, the individual decay rates
I', =T, =2y(1 +cos26), and the collective decay rate
[eon = 7(3cos @+ cos30) (see Supplemental Material
[56] for details). The central parameter 6 = kyd represents
the propagation phase lag experienced by a photon trav-
eling the distance d between the two coupling points. By
substituting the expressions of g,,, [',, 'y, and ', into
Eq. (2), the charging property of the two braided GAs can
be analyzed.

In Fig. 2(al), we plot the exchange interaction, the
individual dissipation rate, and the collective dissipation
rate of the two GAs as a function of the phase shift 6. It can
be seen that both the individual and collective dissipation
rates are zero when the phase shift @ = (n + 1/2)z, with an
integer n, while the exchange interaction is nonzero. Under
this condition, the photon emission paths that lead to
individual and collective dissipation of the GAs undergo
complete destructive interference. Conversely, the photon
emission paths that mediate the interaction between the
GAs undergo partial destructive interference [56]. This
suggests that lossless quantum energy transfer between
the charger and the battery can be achieved when the
distance between neighboring connection points is d =
(1 +2n)4g/4 in the braided configuration. The parameter
Ao = 2mv,/w, is the wavelength of the electromagnetic
wave in the waveguide with frequency .

From Figs. 2(a2)-2(a4) we see that the ergotropy &, the
fluctuation X, and the average power P are modulated by
the phase shift 8. Meanwhile, the dependence of &, X,
and P on @ is a z-period function. It can be found from
Fig. 2(a2) that there are two ridges exhibiting a Rabi-like
oscillating process when 0 is near either z/2 or 37/2,
implying a lossless energy transfer between the charger and
the battery.

In particular, when € = nz, £ approaches a steady value
0.25wq in the long-time limit. This is because when
0 — nm, we obtain Iy, = 0.4w, and g,, — 0, which
leads to the emergence of a steady state and a non-
oscillatory charging process.

When 6 = /2 or 6 = 3z/2, the energy fluctuation and
charging power over time reflect the charging character-
istics of the energy lossless charging process. During this
charging process, the maximum average charging power is
0.072w, and the maximum energy fluctuation is 0.5@.
This numerical result is consistent with the charging
characteristic of the energy transfer process between two
two-level atoms in a closed system [61]. When 8 = nz, the
energy fluctuates as well as the average power does not
oscillate over time. The maximum value of the average
power and the maximum energy fluctuation during this
charging process are 0.0407w, and 0.4329w,, respectively.

Charging characteristics of separated GAs—We now
turn to the case of two separated GAs, as shown in Fig. 1(b).
In this configuration, we can obtain the Lamb shifts
dw, = 0w, = ysinf, the exchanging coupling strength
Jap = 7(sin@ + 2 sin 26 + sin 30) /2, the individual decay
ratesT, =T, = 2y(1 4+ cos 6), and the collective decay rate
eon = 7(cos@ +2cos26 + cos30) (see Supplemental
Material [56] for details). From Fig. 2(b1), it can be observed
that when @ = 7z, the interaction strength g, and the decay
rates I,y ., become zero, indicating that the two separated
GAs are decoupled from the waveguide. In the separated
configuration, lossless charging of two GAs is not possible
regardless of the value of #. The maximum energy achievable
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FIG.2. Exchange interaction g, (red solid curve), individual decay rate I", (blue dashed curve), individual decay rate I', (green dotted
curve), and collective decay rate I'.,; (black dash-dot curve) as a function of @ for the braided (al), separated (bl), and nested (c1)
coupling configuration. (a2)—(c2) Ergotropy &, (a3)—(c3) fluctuations Z, and (a4)—(c4) average charging power P, as functions of the
scaled charging time @, and the accumulated phase 8. The parameter y = 0.1w,. For the braided configuration, at @ = z/2 and 37/2,
the Rabi-like oscillating ridges exhibited by E(r) are a key feature, marking lossless coherent energy transfer. Under these phase
conditions, X(¢) exhibits periodic oscillations, and P(¢) reaches its maximum value. When 6 = x, £(¢) is in the steady-state region,
exhibiting a nonoscillatory behavior. For the separated and nested configurations, £(f) cannot achieve a similar oscillatory process,

regardless of the value of 6.

for the GA b as a battery is 0.250w,. The maximum energy
fluctuation during charging and the maximum power are
0.443w, and 0.040w,, respectively.

In Fig. 2(b2), there are four ridges with heights exceed-
ing 0.2w,. These ridges do not oscillate with time,
indicating that the system is in a steady state. When the
phase shift @ = =, the ergotropy &, fluctuation X, and power
‘P are all zero. This is caused by the inability of the charger
and battery to produce indirect coupling through the
waveguide. We can also find that the emergence of a
nonoscillatory charging process when @ — 0, 2z, similar to
the case of @ — nx in the braided configuration. In
Fig. 2(b3), the variation of energy fluctuations with the
phase shift is similar to that of ergotropy. This is due to the

nonoscillatory nature of the charging process, and a similar
phenomenon is observed in the nested configuration. From
Fig. 2(b4), we can see that the power reaches its maximum
value only when 8 =0 and 6 =z, which is a feature
unique to the separated configuration.

Charging characteristics of nested GAs—Finally, we
investigate the charging property for the nested coupling
configuration, as depicted in Fig. 1(c). In this case, the
relevant parameters in the quantum master equation (2) are
given by dw,=ysin36, w,=ysinb, g,,=y(sinf+sin20),
[, =2y(1 +cos360), T}, =2y(1+cosf), and Ty =
2y(cos @ + cos20), respectively (see  Supplemental
Material [56] for details). From Fig. 2(c1), it can be found
that the two GAs in the nested configuration are decoupled
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from the waveguide when 6 = 7. When 6 = 2nz, the
indirect interaction of the two GAs is zero, but the
collective and individual dissipation rates into the wave-
guide reach a maximum, which can lead to the emergence
of a nonoscillatory charging process.

From Figs. 2(c2)-2(c4), it can be found that the
maximum values of the ergotropy, the energy fluctuation,
and the average power are 0.329w,, 0.469w, and 0.057w,),
respectively. Both ergotropy £ and fluctuations X converge
rapidly to zero when 6 — z. The physical mechanism
behind this phenomenon is that the excitation paths of the
two GAs interfere destructively, resulting in the absence of
energy transfer channels between the two GAs and between
the GAs and the waveguide. The same phenomenon occurs
in both the nested and separated configurations, with the
only difference being the rate at which the energy transfer
channel disappears as the phase changes.

Remote chiral charging using GAs—In a long-distance
chiral charging protocol [see Fig. 1(d)], GAs are suitable in
a separated configuration. The distance between the charger
and the battery is defined as L = x,; — x,,. To achieve
unidirectional energy transfer, a phase difference must be
introduced between the two coupling points of the GA.
This can be accomplished by applying a magnetic flux

(I)Z,((i7 ) that time-modulates each coupling point individually
[44,62—-65]. We assume that the phase difference between
the two coupling points of the GA a and the GA b are
04 =04 — 0% and 0" = 05 — ", respectively. When the
phase relation 8 — #¢(") = (2N + 1)z, the GAs decouple
form the left-passing modes due to the destructive inter-
ference. We can obtain the Lamb shifts v, = dw, =
~Ya(p)(?) sin 20 and the exchange coupling strength g, =

in/74(t)y5(t)sin?0. The jump operator for the master
equation in Eq. (2) contains only the right-passing mode,
ie, py=—i[Hey.p;]+D[Lg], where Heg =3, ,,1/2
(w; 4+ 6w;) + gup(c%6? —H.c.), Lg=i(\/T.(1)/20%+

[y(1)/202), and T, (1) = 4(sin )y, (1)  (see
Supplemental Material [56] for details).

By experimentally varying the magnetic flux at the
coupling points [57,58], it becomes possible to control
the coupling strength g(7), thereby regulating the dissipa-
tion rates I', ;) (¢) of each GA. When dissipation rates of the
two GAs satisfy the function [59]

[‘nmxermax(’*f) t<rt

L) =Ty(e=1) = { . ®

[axs t>7

the evolution of the system satisfies the dark state condition
[66], i.e., Lg|lw(r)) =0, where |w(z)) is the state of the
system at time ¢. That is, the system evolves through a state
that is decoupled from the dissipative channel Ly, thus
enabling lossless quantum energy transfer (see
Supplemental Material [56] for details). The parameter =

1

-

§ 'l_ra/rmax =) (b)
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~ v w
[
0 RE TV 0
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03%e) 0.087)
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0 0
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FIG. 3. (a) Dissipation of the two separated GAs with the

propagation time 7 = 10T, (b) Ergotropy &, (c) fluctuations X,
and (d) average charging power P, as functions of the scaled
charging time I',,, 7. Here, I',,, represents the maximum dis-
sipation rate achievable by each GA, which is set to 0.1w,. All
simulation results are obtained using the controlled dissipation
profile defined by Eq. (8).

represents the propagation time and is approximately given
by 7~ L/v,. Figures 3(b)-3(d) show the characteristics of
the battery during the charging process. It can be observed
that the flat ergotropy after a time of approximately 10
divided by I',,,,« signifies successful, stable charging. When
energy extraction from the battery is required, the phase
conditions can be adjusted to reverse the direction of energy
flow, enabling a unidirectional transfer from the battery
back to the charger.

Conclusions—The QB protocol we proposed can be
implemented in superconducting circuits [40,67]. Two
frequency-tunable transmon qubits are coupled to a super-
conducting resonator for a dispersive readout [68]. Both
qubits have two connections to a 50 Q coplanar waveguide.
The frequency of the qubit is set at wy/27z =4 GHz,
dissipation rate of connection points are y/2z = 4 MHz,
and the phase accumulated by the propagation of the
electromagnetic field in the waveguide between neighbor-
ing connection points is @ = z/2. The maximum power
Prax/27 and maximum energy &,,.«/27 of decoherence-
immune charging between two braided GAs are 0.72 MHz
and 4 GHz, respectively.

In summary, we have conducted a comprehensive
analysis of GAs as models of QBs and assessed a remote
chiral charging protocol. The results primarily highlight the
substantial benefits of GAs in QB construction, including
lossless energy transfer (high-efficiency charging) and
chiral, remote charging. These capabilities are central to
current QB research. Moreover, the proposed protocol
offers flexible control over energy storage and extraction,
all while maintaining immunity to external environmental
noise (from waveguide). We hope that our proposed giant-
atom quantum battery model can serve as a novel control
paradigm to accelerate the development and implementa-
tion of advanced QB technologies.
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