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Efficient operation of quantum batter-
ies requires not only fast energy transfer
but also the ability to halt the charging
process to prevent reverse flow. Existing
approaches typically rely on direct control
of the charger-battery interaction, which
can be experimentally demanding. Here
we propose a modulator-assisted quantum
battery protocol that enables indirect con-
trol of energy transfer while keeping the
interaction always on. By applying re-
peated local unitary operations to an aux-
iliary modulator qubit, we exploit a Zeno-
like mechanism to dynamically reshape
the effective Hamiltonian and switch the
charger-battery coupling on and off. We
demonstrate this mechanism in a mini-
mal three-body model and show that it
remains effective beyond the ideal fast-
control limit. We further extend the pro-
tocol to a collective many-body architec-
ture, where it preserves the characteristic
enhancement of charging power, scaling as
N3/2 with the number of battery units. We
also discuss a possible implementation in
an NV-13C spin platform. Our results es-
tablish modulator-assisted Zeno control as
a scalable route to regulating energy trans-
fer in quantum batteries.

1 Introduction

Quantum batteries have attracted growing atten-
tion as a platform for exploring how quantum
effects can enhance the storage and transfer of
energy at small scales [1-8|. A central focus in
this field has been the identification of charging
protocols that outperform their classical counter-
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parts, particularly through collective many-body
effects that can enhance charging power [9-17].
In practice, however, a useful charging protocol
must accomplish more than rapid energy trans-
fer alone: it must also provide a mechanism to
halt the transfer once the battery is charged, in
order to prevent reverse energy flow and preserve
the stored energy. The ability to switch between
charging and storing phases is therefore a funda-
mental operational requirement for quantum bat-
teries.

In most existing protocols, this control is
achieved by directly tuning the charger-battery
interaction or by detuning the relevant subsys-
tems in time [18-24|. Such approaches are ef-
fective in idealized settings and have motivated
a broad class of tunable-coupling and quench-
based charging schemes [25-29]. However, they
generally rely on direct access to the primary

Modulator

Battery

Charger

Figure 1: A schematic representation of the modulator-
assisted quantum battery, where the battery-charger
coupling is always on. The effective coupling strength is
modified through adding kicks to an external modulator,
which only interacts locally with the battery.
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energy-transfer subsystem, requiring local con-
trol over the charger, the battery, or the inter-
action link itself. These requirements become in-
creasingly restrictive in architectures where the
energy-storing subsystem is spatially separated,
where direct intervention is experimentally costly,
or where repeated control on the battery may in-
troduce unwanted back-action, additional hard-
ware overhead, and noise.

This challenge becomes even more pronounced
in many-body quantum batteries. While collec-
tive charging architectures can provide enhanced
charging power, they also increase the complex-
ity of control, since one must regulate energy flow
across an extended interacting system without
destroying the collective advantage. This raises
a natural question: Can one control the charg-
g and storing process of quantum batteries in-
directly, through operations on a small auxiliary
subsystem only, while leaving the charger-battery
nteraction always on and preserving scalability to
collective architectures?

In this work, we answer this question af-
firmatively by introducing a modulator-assisted
control paradigm for charger-mediated quantum
batteries. Our scheme augments the battery
system with an auxiliary two-level system—the
modulator—which is coupled locally to the bat-
tery subsystem but is itself the only degree of free-
dom directly controlled. By applying repeated lo-
cal unitary kicks to the modulator, we exploit a
Zeno-like mechanism to dynamically reshape the
effective Hamiltonian of the coupled system [30].
As a result, the effective charger-battery coupling
can be switched on and off without ever directly
tuning the charger-battery interaction itself. See
Figure 1 for a schematic representation.

This use of the quantum Zeno effect goes be-
yond its conventional role as a tool for freez-
ing the state of a directly controlled subsystem.
Here, local control of the modulator is converted
into indirect control of a remote energy-transfer
channel, enabling nonlocal regulation of charg-
ing and storage while the physical interaction re-
mains constantly present [31]. In this way, the
protocol establishes a distinct control architec-
ture for quantum batteries based on indirect, lo-
cal, and always-on interaction control.

We develop this framework at two levels. First,
we analyze a minimal three-body setting consist-
ing of a charger qubit, a battery qubit, and a

modulator qubit, and show that the protocol en-
ables a complete charging-storage cycle without
direct intervention on the charger-battery pair.
We further examine the finite-kicking regime and
show that the protocol remains effective beyond
the ideal dense-kicking limit. Second, we extend
the protocol to a collective many-body architec-
ture in which a single cavity mode charges an
array of N battery qubits under the control of a
single modulator. In this setting, we show that
the charging process remains suppressed in the
absence of control, is restored by local kicks on
the modulator, and retains the characteristic col-
lective charging advantage, with maximal charg-
ing power scaling as N3/2.

These results establish modulator-assisted
Zeno control as a scalable route to indirect charg-
ing regulation in quantum batteries, and suggest
a general strategy for controlling energy flow in
composite quantum systems without direct ac-
cess to the primary energy-storage degrees of free-
dom. We further discuss how the current indirect-
control paradigm may be implemented in an ex-
perimentally motivated NV-13C spin platform.

2 Minimal Modulator-Assisted Quan-
tum Battery

Before extending to the many-body setting, we
begin with a minimal charger-mediated quantum-
battery model consisting of a single battery qubit
b coupled to a charger qubit c¢. To implement
the indirect-control paradigm, we introduce an
additional modulator qubit m, which interacts
only with the battery b. The modulator could
be coupled to the charger equivalently, but here
we choose the battery. The modulator and bat-
tery together form an “expanded battery” system,
described by the Hamiltonian (i = 1)

w J
Hos = =5 0+ 5 (010F + oho) -

. 05z (1)

9 b

For maximal controllability, we take the modu-
lator and battery to be resonant, both with fre-
quency wp, and J is their coupling strength, as-
sumed to satisfy J < wg. The subscripts {m, b, c}
label the qubits, and the superscripts {z,vy,z}
label the Pauli operators: o% = |1)(0] + [0)(1],
0¥ = i[1)(0] — i0)(1], and o= = [0)(0] — [1)(1].
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The eigenvectors and eigenvalues of H,,; are

[v0) = |0)m|0)s, with Ao = —wy,
01) = 25(0) L — [Dal0)s),  with Ay = —J,
[v2) = Z5 (10)m| L6 + [D)m[0)s),  with Ay = J,
lvs) = |1)m|1)p, with A3 = wyp.

(2)
The expanded battery mb is coupled to the
charger ¢ through the Hamiltonian

/Hmbc = /Hmb + Vbc + Hca

with  Vye = g(aiaf +ojod), (3)
and H.= *%05

Here, g is the coupling strength between b and c,
which we assume to be weak, g < J. The charger
frequency w; will be specified below. We define
the battery energy Ej and the charger energy E.
as

Ey, =Tr[p(Hump + wolms)],

B, —Tep(Ho + 91.)], @)

Here, p is the density operator of the three-qubit
system, and I is the identity operator. These con-
stant energy shifts ensure that both the battery
and the charger have zero ground-state energy,
without affecting the dynamics.

We initialize the system in the product state
|v0)ms|1)e, where the expanded battery is in its
ground state and the charger is in its excited
state, carrying the energy to be transferred. In
the eigenbasis of the expanded battery, as shown
in Appendix A, the coupling V. in Eq. (3) can
be rewritten as

Vie = 5 [ (1) ol + 02) (0ol + ) (2l

~ [vg)V1lms) @ [0} (1] + Hee].

(5)
Here, H.c. denotes the Hermitian conjugate.
Starting from the initial state, only two transi-
tions are allowed: |vg) > |v1), with energy differ-
ence wo — J, and |vg) <> |va), with energy differ-
ence wo+.J. For the charger, if we choose w1 = wy,
the transition |0) <+ |1) has energy difference wy.
The charger is therefore detuned from both al-
lowed expanded-battery transitions by |Ap.| = J.
Since J > g, this detuning strongly suppresses
the interaction Eq. (5), and energy exchange is
effectively blocked. Moreover, because all three

qubits are initially prepared in eigenstates, they
remain unchanged in these eigenstates in the ab-
sence of resonant exchange.

To activate energy transfer, we freeze the mod-
ulator in its initial state |0) so as to induce a Zeno-
like control. In principle, this could be achieved
by repeated projective measurements. However,
projective measurements produce stochastic out-
comes, and the probability of maintaining the de-
sired state decreases exponentially with the num-
ber of repetitions. Instead, we adopt a bang-bang
control protocol [32, 33|, implemented through
repeated local unitary kicks o7, applied to the
modulator qubit m.

This control is not introduced as a time-
dependent term in the Hamiltonian. Rather, it is
realized as a stroboscopic sequence of free evolu-
tions under H,,p., interleaved with unitary kicks.
The corresponding evolution operator is

U(r) = o2, HmbeT g2 o= HmbeT . = o=

(6)
As shown in Appendix B, the leading order in
the Baker-Campbell-Hausdorff (BCH) expansion
gives
the = =10 — 07 +3 (of ol +alol) — o,
(7)
in which the mb coupling is completely cancelled.
As a result, the modulator remains locked in its
initial ground state, achieving the desired freezing
effect.
While the Zeno effect is usually discussed as
a mechanism for freezing the state of the directly
controlled qubit, a less emphasized consequence is
that it can also reshape the effective Hamiltonian
of other qubits not directly acted upon by the
unitary kicks [31]. Once the modulator is frozen
in |0), the remaining battery-charger subsystem
is governed by

Heff _ wo

wo _ _ w1
Hpe = —705 +g(of o, +o,00) — 70’?, (8)
where we use the standard notation o = |1)(0]
and o~ = [0)(1].

With the above choice w1 = wy, the battery be-
comes resonant with the charger, and the inter-
action is restored. Since the charger is initialized
in the excited state |1) and the battery in the
ground state |0), energy is transferred from the
charger to the battery under Hp.. The battery
reaches its maximal excitation at time 7/(2g).
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Figure 2: Plot legends: blue curves represent the charger
energy E., and red curves represent the battery energy
Ey. Solid lines indicate that no unitary kicks are applied,
while dashed lines indicate that unitary kicks are applied
to the modulator. We choose ¢ = 0.0lwg and J =
0.8wg. Panel (a): w; = wo + J with kick interval 7 =
7/(1000g); energy exchange is enabled when the kicks
are off and disabled when the kicks are on. Panel (b):
w1 = wo with the same 7 as in (a); energy exchange is
enabled when the kicks are on and disabled when they
are off. Panel (c): the same w; and 7 as in (b); a
charging cycle—consisting of an idle phase, followed by
a charging phase, and then a storing phase—is achieved
by selectively applying or not applying the kicks to the
modulator. Panel (d): the same w; as in (b), but
with a larger kick interval 7 = 7/(100g). This leads
to a slower charging speed while maintaining the same
charging capacity.

3 Charging and Storage Control

The main results are presented in Figure 2. The
blue curves show the charger energy F,, while the
red curves show the battery energy Fjp. Solid lines
correspond to the evolution without repeated uni-
tary kicks o7, whereas dashed lines correspond to
the evolution with repeated unitary kicks applied
to the modulator.

To verify Eq. (5), we first set w1 = wo + J,
so that the charger is resonant with the bare
transition |vg) <> |vg) of the expanded battery
when no unitary kicks are applied. We choose
J = 0.8wp. Under this resonance condition, en-
ergy exchange is shown by the solid curves in Fig-
ure 2(a). The maximal energy transfer occurs at
t = 7/(v/2g), consistent with the effective cou-
pling strength g/v/2 in Eq. (5). The maximal
transferred energy is wg + J.

By contrast, when repeated unitary kicks o7,
are applied to the modulator, energy exchange

is suppressed. Let 7 denote the time inter-
val between consecutive kicks, which we set to
7 = m/(1000g). These kicks remove the reso-
nance condition and suppress energy transfer, as
shown by the dashed curves in Figure 2(a).

In Figure 2(b), we instead set w; = wy, re-
versing the resonance condition. In this case, the
charger and battery are off resonant when no uni-
tary kicks are applied, and energy transfer is sup-
pressed, as indicated by the flat solid curves. In
contrast, when repeated unitary kicks are applied
to the modulator, with the interval still chosen
as 7 = m/(1000g), the system becomes resonant
and energy transfer is restored, as shown by the
dashed curves. The maximal transferred energy
is wy, reached at t = m/(2¢g), consistent with the
coupling strength ¢ in Eq. (8).

From now on, we fix w; = wp. The above
results show that the interaction between the
charger and the battery can be switched on and
off dynamically by controlling whether repeated
unitary kicks are applied to the modulator. In
Figure 2(c), the protocol begins with an idle
phase, indicated by the first yellow region, during
which the energy remains stored in the charger.
Next, repeated unitary kicks are applied to the
modulator, activating the charger-battery inter-
action. This charging phase is marked by the
green region and lasts for a duration of 7/(2g),
during which energy is maximally transferred
from the charger to the battery. The kicks are
applied at intervals of 7 = 7/(1000g). Finally, to
store the energy in the battery, the unitary kicks
are turned off, thereby deactivating the interac-
tion, as shown in the second yellow region. This
sequence completes one full cycle of the charging
protocol.

Tuning the kicking interval.—In practice,
achieving perfectly dense kicking is challenging.
It is therefore important to examine how the sys-
tem behaves as the kicking interval 7 increases.
In the limit 7 — 0 (i.e., perfectly dense kicking),
the effective detuning between the charger and
battery vanishes. Conversely, when 7 — oo (i.e.,
no kicking), the detuning reaches |Ay.| = J. For
finite values of 7 satisfying 0 < 7 < 0o, one might
naively expect the detuning to be an increasing
function of 7 between these two extremes. Ac-
cording to the Jaynes-Cummings model, an in-
crease in detuning leads to an increase in the Rabi
frequency, suggesting a higher charging speed
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Figure 3: Parameter choice: g = 0.01lwg and J = 0.8wy.
At large scales, the charging time T increases with the
kicking interval 7, indicating a decrease in the charging
speed. A linear fit of T at the locally optimal points
yields T' ~ 637. See the main text and Appendix D for
further discussion.

[34]. If the detuning indeed increases with 7, then
the charging speed, which we define as 1/7T—
where T is the time at which the battery first
becomes maximally charged—would also be ex-
pected to increase with 7.

However, this expectation does not hold. In
fact, for general finite values of 7 with 0 < 7 < o0,
a local effective Hamiltonian for the charger can-
not be well defined, nor can the notion of detun-
ing. In Figure 2(d), we consider 7 = 7/(100g),
which is 10 times larger than that in Figure 2(b).
Contrary to the naive expectation, the charg-
ing speed decreases with 7 rather than increases,
while the amount of transferred energy remains
unchanged at wgy. Specifically, complete energy
transfer now occurs at gt/m &~ 1, in contrast to
gt/m = 0.5 in the limit 7 — 0.

For arbitrary kicking intervals 7, we observe
numerically that the dynamics of the charger en-
ergy F. and the battery energy FEj consistently
exhibit sinusoidal behavior (see examples in Ap-
pendix C). We fit E, using the function

E,(t) ~ %[cos(wt/T) +1], (9)

where T is the time at which the battery first
reaches full charge, with 1/7 defining the charg-
ing speed. By varying the kicking interval 7, we
extract T from the fitted dynamics and plot it as
a function of 7 in Figure 3.

At large scales, we observe that T increases
monotonically with 7. This indicates that the
charging speed decreases as the kicks become
more widely spaced, while the total energy de-
posited into the battery remains unchanged at

wp. However, the plots also reveal a set of dis-
crete singular peaks.

These singularities occur at discrete kicking in-
tervals 7, = 2mn/J, matching the peak positions
shown in Figure 3. More examples are provided
in Appendix D.

At these special kicking intervals 7 = 7,, if
we focus only on the expanded battery, the effec-
tive time-evolution operator between two kicks
becomes U(1,) = (07, @ I)e~HmoTn,

It can be shown that U(7,)(]0) ®10)) = i"|0) ®
|0) and U(7,)(|0) ® |1)) = [0) ® |1), meaning
that these product states are eigenstates of the
evolution operator. Since the modulator remains
fixed in the state |0), the battery states |0) and
|1) also become eigenstates of the time evolution.
This allows one to define a local effective Hamil-
tonian for the battery, but only at these discrete
kicking intervals 7 = 7,,. However, the energy
splitting of this effective Hamiltonian does not
match that of the charger, wy, resulting in a fi-
nite detuning. Consequently, energy exchange is
suppressed, leading to the large values of T ob-
served at these singular points in Figure 3. See
Appendix D for further discussion.

The valley points in Figure 3 correspond to
kicking intervals 7 that enable relatively fast
charging, where the charging time 7' exhibits a
linear dependence on 7. A linear fit through these
local minima gives T'/7 ~ 63, as shown by the red
line. Thus, at large scales, the charging time T'
scales linearly with the kicking interval 7.

4 Collective Charging and Scalability

We now extend the modulator-assisted charging
protocol from the single-battery setting to a col-
lective many-body architecture. The main ques-
tion is whether the collective charging advan-
tage of quantum batteries [26] survives under the
present modulator-assisted control scheme. In
the following, we show that it does.

Specifically, we consider a collective architec-
ture in which a single cavity mode acts as a com-
mon charger for N battery qubits, while all bat-
tery qubits are coupled to one auxiliary modula-
tor qubit. A schematic illustration of our model
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Figure 4: A schematic illustration of our modulator-
assisted battery charging protocol when extended to N
batteries. Panel (a): Parallel-charging benchmark. An
array of identical modulator-assisted Jaynes-Cummings
quantum battery. Panel (b): Collective charging. A
modulator-assisted Tavis-Cummings quantum battery.

is in Figure 4. The total Hamiltonian is

(N) “o

J
Hch = ?O-Z% + {5 (0’:10'1?1, + Ugnagi)
i=1
wo .
_ ?aé +g (0';;(10 + abiai) } + wialac.
(10)

This corresponds to a modulator-assisted Tavis-
Cummings quantum battery. We show that the
modulator can provide a global on/off control of
the charging process for all N battery qubits.

We initialize the cavity in the Fock state |N).,
each battery qubit in its ground state |0);,, and
the modulator in its ground state |0),,. As shown
in Appendix E, the relevant transition frequen-
cies of the collective modulator-battery sector are
wo+JV'N. When the cavity is tuned to wi = wy,
the battery transition is detuned from the charger
by |Ape(N)| = JV/N. Therefore, for J > g, the
collective charging process is effectively switched
off. This reduces to the single-battery result
|Ape| = J at N = 1.

To switch on the charging process, we again
apply repeated local unitary kicks o7, to the
modulator, interspersed between short intervals
of free evolution. As in the single-battery case,
these kicks dynamically suppress the modulator-
battery exchange interaction. The resulting ef-

fective Hamiltonian is

'HEBN) _ i\f: [_ ﬂgbzl +g (o'g:ac + o‘b:al) } + wlalac.

i=1 2
(11)

When w; = wq, all battery qubits become reso-
nant with the cavity, and the collective charging
process is activated.

A direct simulation of Eq. (10) in the full
Hilbert space becomes exponentially costly as N
increases. However, the model has two useful
symmetries: (a) permutation symmetry among
the N identical battery qubits and (b) conserva-
tion of the total excitation number. By working
in the Dicke symmetric basis, Appendix E shows
that the dynamics can be restricted to a reduced
Hilbert space of dimension 2N + 1, which enables
efficient simulation at larger system sizes.

To quantify the charging performance, we de-
fine the maximal stored battery energy and the
maximal charging power

N
(V) S B, (1) P _ > En(t)

Eﬁ,max = m?x > f,max — mtax f’
i=1

(12)
corresponding to collective charging shown in
Figure 4(b). These are compared with the paral-
lel benchmark
N M

|,max * f,max’

P(N) — npW®

|,max * f,max? (13)
corresponding to parallel charging shown in Fig-
ure 4(a).

The results are in Figure 5. Figure 5(a) shows
the maximal stored energy in units of Nwy as
a function of N. The red markers correspond
to the collective architecture without kicks. The
maximal stored energy remains zero for all N,
showing that the charging interaction is effec-
tively suppressed in the absence of kicks. In con-
trast, the blue markers correspond to the kicked
collective charging case, and the orange markers
correspond to the parallel benchmark. In both
cases, the rescaled stored energy saturates to a
constant, indicating linear scaling with system
size, Bjo, o N and B o N,

Figure 5(b) shows the maximal charging power
In the collective charg-
ing case (blue markers), the rescaled power

approaches a constant, indicating the scaling
pW)

f,max

in units of N3/2gwy.

o N3/2. In contrast, the parallel bench-

mark (orange markers) scales as P”(’JI\QM x N.
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Figure 5: Panel (a): Maximal stored energy as a func-
tion of the battery number N, expressed in units of Nwy.
The red markers denote the collective charging case

without kicks, E{") (off); the blue markers denote the

#,max
collective charging case with kicks, Eﬁ(fn)ax(on); and the

orange markers denote the parallel-charging benchmark,
g™ (on).

Il max Panel (b): Maximal charging power as a

function of N, expressed in units of N3/2gwy. The blue
markers denote the collective charging case, Pﬁ( m)qx, and

the orange markers denote the parallel-charging bench-
mark, P

||,max"

This is consistent with the expected collective
charging advantage [26].

Taken together, Figures 5(a) and 5(b) show
that the modulator-assisted protocol remains ef-
fective in the many-body setting: without kicks,
the charging process is strongly suppressed; with
kicks, collective charging is restored and retains
its N3/2 power scaling. The collective charging
advantage is thus reflected in the time required
to reach maximal battery energy, which scales as

1/VN.

5 Experimental Feasibility in an NV-
13C Platform

Our proposal can be naturally connected to a
solid-state spin platform based on an NV cen-
ter coupled to surrounding 3C nuclear spins [35].
In this setting, the NV electronic spin provides
the modulator degree of freedom, while selected
nearby 2C nuclei can be divided into two sub-
sets: a battery subset and a charger subset. The

battery subset plays the role of the many-battery
qubits, whereas the charger subset is treated
collectively and serves as an effective common
charger mode. This architecture provides a real-
istic route for scaling the stored energy with the
number of battery units, addressing the many-
body regime considered in our model.

At the microscopic level, the NV center and
surrounding '3C nuclei are described by the stan-
dard hyperfine Hamiltonian, in which the NV
electronic spin couples individually to each nu-
clear spin. By restricting the NV center to
a two-level subspace and applying suitable mi-
crowave and radio-frequency control, one can en-
gineer selective effective couplings between the
modulator and chosen nuclear spins, for instance
via spin-locking and dynamical decoupling tech-
niques [36]. In particular, moving to the rotating
frame leads to the desired modulator-battery in-
teraction,

N
He, ~ —70 z; % o+ %Z (a,flalfi + a%nai’i) :
Z (14)
In addition, geometric placement of nuclear spins
can be used to suppress undesired hyperfine com-
ponents, for example via near-magic-angle config-
urations [37].

A direct battery-charger flip-flop interaction is
not natively present, but it can be generated per-
turbatively through control engineering. Specifi-
cally, by using the NV center as a mediator and
applying a short Floquet commutator sequence,
one can induce an effective exchange interaction
between the battery nuclei and the charger nu-
clei. In the low-excitation regime, the charger
subset can be reduced to a collective bright mode
b, yielding an effective charger sector of the form

HE ~ gz (ab ac+0y.a T) +wiala..  (15)
=1

In this representation, the charger acts as a
shared energy reservoir whose effective capacity
increases with the size of the nuclear ensemble,
enabling scalable energy transfer to multiple bat-
tery units.

As a result, the full many-battery model can
be reconstructed in the sense of effective Floquet
simulation by combining the modulator-battery
and battery-charger sectors stroboscopically. The
repeated local kicks applied to the modulator in

Accepted in {Yuantum 2026-07-20, click title to verify. Published under CC-BY 4.0. 7



our protocol can be implemented directly as short
resonant microwave pulses on the NV electronic
spin, thereby realizing the required o7,-type con-
trol between successive effective evolution steps.

State initialization in this platform can be
achieved through optical polarization of the NV
center together with nuclear spin polarization
mechanisms such as the excited-state level anti-
crossing (ESLAC) [38]. In this way, the modula-
tor can be prepared in a definite computational
state, the battery nuclei can be initialized close to
their ground states, and the charger subset can be
prepared in a controlled low-excitation collective
state.

In a realistic setting, decoherence and losses
will inevitably affect the dynamics. In particu-
lar, relaxation and dephasing of the NV electronic
spin, decoherence of the nuclear spins, and loss of
excitations from the collective charger mode will
reduce the achievable stored energy and charg-
ing power. The relevant charging dynamics is
expected to remain observable as long as the
system parameters J, g, and wg are sufficiently
larger than the corresponding noise rates. Con-
sequently, noise primarily leads to quantitative
reductions in performance, rather than a break-
down of the effective-Hamiltonian description.

Taken together, these ingredients show that
the proposed modulator-assisted many-battery
charging architecture is compatible with an ex-
perimentally motivated NV-'3C platform at the
level of effective Hamiltonian engineering. This
makes the scheme not only conceptually scalable,
but also potentially relevant to near-term solid-
state spin implementations. A detailed derivation
of the effective interactions, repeated-kick im-
plementation, initialization procedure, and noise
modeling is provided in Appendix F.

6 Discussion and Summary

We first note that the use of repeated control op-
erations in quantum batteries has been explored
in a different context, where the quantum Zeno
effect is employed during the storing phase to pro-
tect the stored energy [39], in close analogy to
refocusing techniques such as spin echo in NMR
systems [40, 41].

In contrast, the present protocol exploits Zeno-
like control during the charging phase rather than
the storing phase. This distinction has two im-

portant consequences. First, the total number
of required control operations is significantly re-
duced, since the charging duration is typically
much shorter than the storage time. Second,
the role of the control is not merely to suppress
dynamics, but to actively reshape the effective
Hamiltonian governing energy transfer. In this
sense, the modulator serves as an indirect control
interface that converts local operations into non-
local regulation of the charger-battery coupling.

Another key feature of our approach is that it
does not rely on the idealized limit of infinitely
fast control. While the dense-kicking regime pro-
vides a clear effective-Hamiltonian picture, our
analysis shows that the protocol remains opera-
tional for finite kicking intervals. Increasing the
interval 7 leads to a gradual reduction in charging
speed, but does not destroy the ability to switch
the energy-transfer channel on and off. This ro-
bustness relaxes the requirement of ultra-fast con-
trol and broadens the range of experimentally ac-
cessible regimes.

From a broader perspective, the protocol in-
troduces a distinct control paradigm for quantum
batteries: instead of directly tuning the charger,
the battery, or their interaction, one achieves con-
trol through an auxiliary degree of freedom that
is locally accessible. This is particularly advan-
tageous in architectures where direct manipula-
tion of the energy-storage subsystem is difficult,
costly, or introduces additional noise. Because
the charger-battery interaction remains always
on, the scheme also avoids the need for time-
dependent coupling elements, which can be a ma-
jor experimental constraint in many platforms.

Importantly, this indirect-control mechanism
is compatible with collective many-body archi-
tectures. As shown in this work, the protocol
extends naturally to a modulator-assisted Tavis-
Cummings battery, where a single modulator con-
trols the energy flow between a common charger
and an array of IV battery qubits. In this setting,
the protocol preserves the characteristic collec-
tive enhancement of charging power, with Pﬁ(N) x

N3/2 (26, 42-45|, while still enabling global on /off
switching through local operations.

In summary, we have introduced a modulator-
assisted control framework for charger-mediated
quantum batteries, in which repeated local uni-
tary operations on an auxiliary qubit induce a
Zeno-like reshaping of the effective Hamiltonian.

Accepted in {Yuantum 2026-07-20, click title to verify. Published under CC-BY 4.0. 8



This enables dynamic switching of energy trans-
fer without direct intervention on the charger-
battery subsystem. The protocol operates be-
yond the idealized fast-control limit, is scalable
to collective many-body settings, and is com-
patible with experimentally motivated platforms.
In particular, our analysis suggests that the key
ingredients of the protocol can be engineered
in solid-state spin systems such as an NV-13C
platform through effective-Hamiltonian control.
More broadly, our results suggest a general strat-
egy for controlling interaction-driven processes in
composite quantum systems through indirect, lo-
cal, and always-on control architectures.
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A Derivation of Eq. (5)

The interaction Hamiltonian V. = g(alf o, 4+ 0, o) can be expressed more explicitly as:

gL @ |1)(0]p ® |0)(1]c + H.c.),

where H.c. is the Hermitian conjugate.

(A1)

The goal is to decompose the vectors of the joint Hilbert space mb in the eigenbasis of H,,,; in Eq. (1).

The eigenvectors of H,,; are:

|UO> = ’0>m|0>b7 with )\() = —uwp,
1

|U1> = E(‘O>m’1>b - ‘1>m’0>b), with A\ = —J7
1

[v2) = 5 (0)m[L)o + [1)ml0)s),  with Ay = .

|U3> = |1>m|1>b7 with )\3 = wp.

To achieve this, we first observe that

|01) s = \}5(’7)2)77111 + |[01)mb),

|Wm=iﬂ@m—%%ﬁ

This decomposes the operator I, ® |1)(0]; into the following four terms:

Ly, ® [1)(0]p
=[0) (0 ® [1)(0p + [1)(L|m @ [1)(0]5

:\}5(’7)1><’U0| + |v2) (vo| + |v3)(va] — ”1)3><’U1|).

Together, the interaction Hamiltonian becomes

Vie = 5[ (1) ol + [02) (0olms + o) (2l

— [03) (V1] mp) @ |0) (1] + Hc}

This is precisely Eq. (5).

B Derivation of Eq. (7)

(A2)

(A4)

Consider the unitary kicks are applied to the modulator at every time of 7. For a duration of 27, the

total time evolution operator is

U(27) =0Z,e  HmbeT 2 o= iHmbeT

B1)
—1% ZHmc :,zn 7',Hmc (
—e Tm beOmT o0 b 7'7
where the last line is due to the unitarity of o7,.
One observes the relations:
T =~
TmOimTm = ~Oin, (B2)
OO = +or,
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Substituting Eq. (B2) to Eq. (B1), one obtains:

U(27) =e HmpeT g™ HmbeT

with Hppe = — %Ufn + % (op08 +ol0)) — w20 ot

+ S (ofot +ojol) - St (B3)
and Hi, == 007, — 5 (7h0F + o) = o

+ g(affaf +ojol) — %Uj.

The leading order in the Baker-Campbell-Hausdorff (BCH) expansion gives

s 12 _ _ eﬁ .
U(27) = HmpeT e~ HmbeT = o=t 7 - with

1
Hﬁgjc :Q( fmbc + Hmbc)—l-O(T) (B4)
wo wo g w1
~— ?afn - ?Ug + §(U§Uf +ojol) — ?Jj.

This is precisely Eq. (7).

C Numerical fitting of the battery's energy dynamics

When the kicks on the modulator are more widely spaced—i.e., when the kicking interval 7 increases—
the charging speed becomes slower, while the charging capacity remains unchanged.

Both the charger’s energy F. and the battery’s energy Ej exhibit sinusoidal dynamics. Furthermore,
the two energies are symmetric: their sum remains constant over time. This implies that as one

increases, the other decreases.

Hence, it suffices to consider only the charger’s energy, which we approximate using the fit function
wo
E.(t) ~ > [cos (mt/T) + 1], (C1)

where T' denotes the first time when the battery becomes maximally charged with energy wy.
One may check the examples for different 7 values in Figure (C1).

= Charger

Fit of charger

< 0.75 = Battery
S
~
230.50
Y
Q
=]
M 0.251
0.00
0.0 05 1.0 15 20 0 5 10 15 20
gtz gtlxm

Figure C1: Left: Setting w; = wp, g = 0.0lwg. The kicking interval is 7 = w/(1000g). The battery gets maximally

charged at T = 0.57/g. Right: Setting w; = wp, g = 0.0lwg. The kicking interval is 7 = 847 /(1000g). The
battery gets maximally charged at T' = 5.827/g.
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D Analysis of the Singular Peaks in Figure 3

The eigenbasis of H,,p is given by:

[vo) = |0):m[0)s, with Ao = —wo,
1 .
1) = —=([0)m|1)s = [1)m[0)p), with Ay = — 1,
V2
1 (D1)
|1)2> = ﬁ(‘0>m’1>b + ‘1>m’0>b)7 with Ay = J,
|U3> = ’1>m|1>b7 with )\3 = wp-

Main conclusion. The kicking intervals 7 that lead to the singular peaks, as can be observed in Figure 3,
are denoted by 7,. The values of 7, are determined only by the eigenvalues A1 and A2, not by Ay or
A3. These quantized values occur at

2 2
™m_ ezt (D2)

where n is a positive integer.
Here we analyze the origin of the singular peaks by dividing the values of 7 into several regimes (the
analysis is based on w; = wy):

(1) Fast-kicking regime, 7 — 0:

In the fast-kicking limit, it has been shown that the local effective Hamiltonian for the battery
becomes —“2 07, with the battery initialized in the ground state |0);. Meanwhile, the charger’s
Hamiltonian is —“2¢7, with the charger initialized in the excited state [1);. Under the interaction
Hamiltonian Eq. (8), energy exchange between the charger and the battery is enabled in this

regime.

(2) No-kicking regime, 7 — oo:

In the absence of kicking, the possible transitions for the battery, as given in Eq. (A5), namely
|vg) > |v1), |vo) <> |v2), |v1) > |vs), and |va) <> |vs), all have energy differences that do not
match that of the charger transition |0) <» |1). As a result, energy exchange is suppressed due to
detuning.

(3) Intermediate regime: for general values of 0 < 7 < oo

For a general kicking interval 7, the total evolution operator acting on the modulator-battery
system consists of two parts: (a) a free evolution under the Hamiltonian H,,; for a duration T,
and (b) a control kick represented by o7, applied to the modulator. The combined evolution
operator is given by:

U(r) = o7, - e HmoT, (D3)

z
m
Since the modulator is initialized in the state |0),,, the action of the kick effectively preserves its
state. Consequently, we only need to consider the two states |0),,]|0); and |0),,|1)p in the analysis.

It is straightforward to verify that the state |0),,|0); is an eigenvector of U(7) with eigenvalue

76—1(1.1()’7' .

On the other hand, the state |0),,|1); is generally not an eigenvector of U(7). Therefore, in this
intermediate regime, the local effective Hamiltonian for the battery is generally ill-defined. The
resulting dynamics involve complex coupling between the modulator and the charger, making the
energy exchange process complex and lacking a simple physical interpretation.
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Figure D1: Top: We choose wy = 1.5 and J = 0.8, while fixing the system parameters w; = wy and g = 0.01.
Under these conditions, it can be shown that the first singular peak occurs at J7/(27) = 1. Bottom: We choose
wo = 1.0 and J = 0.5, while fixing the system parameters w; = wy and g = 0.01. Under these conditions, it can be
shown that the first singular peak occurs at J7/(27) = 1. These results match the analysis.

(4) Intermediate regime: for 7 = 7, = 27n/J, with n € Z*
At these discrete values of 7, it follows that
U(7)[0)m|0)p = — €7 07[0) |0},

(D4)
U(0)[0)m|1)s =[0)m|1)-

Therefore, at these specific values of 7, both |0),,]0); and |0),,|1), are eigenstates of the effective
evolution operator U(7,). This implies that, under the assumption that the modulator remains
frozen in the state |0),,, a well-defined local effective Hamiltonian exists for the charger, with
eigenstates |0) and |1).

However, the energy splitting of this effective charger Hamiltonian does not match that of the
battery, which is wy. The resulting detuning prevents resonant energy exchange between the
charger and the battery. This mismatch explains the appearance of singularities in Figure 3.

To further validate this analysis, we vary the values of wy and J while fixing wy = wp and g, and
observe that the first singular point consistently appears at 7 = 2w /J. See Figure D1.

E Many-battery Hamiltonian with symmetry

We consider N batteries (labeled by, ---by) coupled to one single cavity (labeled ¢) that serves as a
charger. The N batteries are coupled to one single modulator (labeled m). The total Hamiltonian is
given by

N wo J
'anfgc =— ?afn + [5 (Uﬁai + J%’nai/i) ED
i=1
w
_ 70051_ +yg (Jl:ac + Ub_iai) } + wialac.

We initialize the cavity in the Fock state |N)., each battery qubit in its ground state |0);,, and the
modulator in its ground state |0),,. The initial state is

0)m @ [T 10)s; ® [N)e: (E2)
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E.1 Simplifying simulation using Dicke's symmetry

A direct simulation of Eq. (E1) is exponentially costly in the full Hilbert space. Indeed, the modulator
and the N battery qubits contribute a factor 2V¥*! and a truncated cavity Hilbert space contributes
an additional factor N from the photon-number basis, leading to an scaling ~ O(N 2N ). However, the
present model possesses two key symmetries that allow for a dramatic reduction of the effective Hilbert
space:

e permutation symmetry among the IV identical modulator-battery units, and
e conservation of the total excitation number.

The first is permutation symmetry among the N identical modulator-battery units. We define the
collective operators

N N N
SJF:ZUbt, S§:Zab:, SJZB:ZJ@. (E3)
i=1 i=1 i=1
The Hamiltonian Eq. (E1) becomes
e = — Doz 4 J(07:S5 + omSE)

mBc 9 (E4)
+ g(Shac + Sgai) + wialae.

H

The second is conservation of the total excitation number. Since both the modulator-battery coupling
and the battery-cavity coupling are of Jaynes-Cummings type, the total excitation number remains
fixed throughout the evolution, given by

Here, n,, = {0,1} indicates that the modulator is in the state |0),, or |1),,. np is the total excitation
number for the symmetric battery state. n. is the photon number in the cavity. They add up to the
initial photon number N.

Therefore, a general symmetric basis state can be written as |n,,,ng). In particular, the ground
state of the global modulator-battery system corresponds to |0, 0).

This symmetry-adapted construction reduces the Hilbert-space dimension Dy from exponential to
linear scaling, Dy = 2N + 1. Specifically,

e When n,, = 0, np can take the following values
ng=0,1,--- ,N. (E6)

e When n,, = 1, np can take the following values
ng=0,1,--- N — 1. (E7)

Therefore, the reduced symmetric Hilbert space is 2N + 1 dimensional.
The action of Eq. (E1) or (E4) on a general reduced basis state |n,,ng) is given by

H |, 1)
1 N
= {wo (na — 2> + wo <nB — 2) +w1nc} [, nB)
+J\/7”LB(N—TLB—|—1> ]nm—i—l,nB—l)

—i—J\/(N—nB)(nB—I—l) [ — 1,np + 1)

+ 9\/(N = np)(np + 1) ne [, np + 1)

—i—g\/nB(N—nB +1)(ne + 1) [nm,np —1).
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Specifically, |n,,,ng) = 0 whenever (n,,,np) lies outside the allowed values.
Now we consider the unitary kicks applied to the modulators. We define the kick operator to be o7,.
The action of this operator on a general basis state |n,,,np) is given by

ol nm,ng) = (=1)""|nmy,ng). (E8)

The above techniques together enable efficient calculations of our modulator-assisted charging
paradigm to a large number of batteries.

E.2 Collective normal-mode splitting in the single-excitation sector

A key feature of the many-battery Hamiltonian is the emergence of a collective enhancement of the
effective coupling between the modulator and the symmetric battery mode. This can be seen clearly
in the single-excitation sector.
Starting from the global ground state |0, 0), the single-excitation subspace is spanned by two sym-
metric states
[nm =1,np =0), |nm=0,ng=1), (E9)

which correspond to one excitation in the modulator and one collective excitation in the batteries,
respectively.
Restricting Eq. (E4) to this subspace, the Hamiltonian takes the form

HO — 4y (g g>+mv (2 é) (E10)

where the factor v/ N arises from the collective matrix element (0, 1/S%|0,0) = v/N.
Diagonalizing this 2 x 2 Hamiltonian yields two collective eigenmodes with energies

Ei=wy£JVN. (E11)

Therefore, the transition frequencies from the ground state |0,0) to the single-excitation eigenstates
are

wy = wo £+ JVN. (E12)

When this collective modulator-battery is coupled to a charger with frequency wp, the detuning is
thus
|Ape(N)| = JVN. (E13)

This demonstrates an v/ N-enhancement in the battery-charger detuning in the absence of external
kicks, which comes from the collective coupling between the modulator and the symmetric Dicke mode
of the batteries.

F Potential experimental realization

F.1 Native Physical Hamiltonian

We consider a hybrid spin system consisting of a single NV center electronic spin and several surround-
ing '3C nuclear spins. The microscopic Hamiltonian is

H=DS2—7B.S: = > B.li.+> S-A,-1,. (E1)
iz M

Here, D =~ 2.87 GHz is the zero-field splitting of the NV center electronic spin, B, is an external
static magnetic field applied along the NV symmetry axis, and 7, and =, are the gyromagnetic ratios
of the NV electronic spin and the '3C nuclear spins, respectively. The index u labels the individual
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13C nuclei surrounding the NV center. Moreover, S = (Sz, Sy, Sz) denotes the spin-1 operator of
the NV center, I, = (I, Iy, 1) denotes the spin operator of the p-th BC nucleus, and A, is the
corresponding hyperfine tensor between the NV center and that nucleus. For simplicity, we neglect the
direct interaction between different nuclear spins at this stage, since it is typically much weaker than
the NV-nuclear hyperfine coupling and does not affect the basic construction below.

F.2 Interaction Engineering Framework

To connect this system to our effective modulator-based picture, we restrict the NV center electronic
spin to the two-level subspace spanned by {|0),| — 1)}, and treat it as an effective qubit. We define
oz, = |—1)(—1| — |0){(0]. Accordingly,

m

11 = 1, (E2)

Under a sufficiently strong static magnetic field and within the secular approximation, the coupling
to the p-th '3C nuclear spin becomes

w
Hy ~ %qu + [=1){-1] (AMIIIMZ + Apalye + A“ylﬂy) ' (E3)

This leads to a conditional interaction structure, which can be reshaped via control. Using microwave
driving and dynamical decoupling, one can isolate a selected spin component and obtain

Hgg& = )\ff“)az I a=uwxz,y, 2. (E4)

mtu>
We divide the 3C nuclei into battery spins b; and charger spins ¢y, and define
=21, vp = 2I¢ . (E5)

We assume two programmable interaction blocks,
- (B) - (©)
Hi = Zgi o, Hy = Z g od i, (E6)
i=1 k=1
which serve as the building blocks for the engineered interactions.

F.3 Modulator-Battery Coupling

We first engineer the effective modulator-battery interaction. Starting from the interaction block
Hi = f\il gl(B)aﬁLTf, we apply continuous microwave driving on the NV modulator and matching
radio-frequency dressing on the selected battery nuclei. By moving to the rotating frame defined by
the drives, the dominant interaction reduces to an exchange-type coupling. More explicitly, for the

i-th battery spin, the effective Hamiltonian takes the form

; 1) O, _ _
’H% ~ %Ufn + 2b’ 7+ J; (a;ﬂ'i + O'mT;'_) , (E7)
where 6, and ¢, are detunings with respect to the corresponding drive frequencies, and J; is the
effective flip-flop coupling strength determined by the transverse hyperfine interaction and the applied
control fields.

Summing over all selected battery spins, we obtain

(E8)

5 N[5,
He, ~ Tmafn + [ b 17+ J; (U,J?QTZ»_ + U;LT;_)
i=1
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In the approximately homogeneous regime, where the selected battery spins have similar parameters,
we take
Ji =~ J, 51,1. ~ (51,, (EQ)

and define the effective frequencies by d,, =~ —wqg, 9, =~ —wy. The Hamiltonian then becomes

N N

wo wo J

H ~ —707271 - Z 775 + b} Z (o7’ + o). (E10)
i=1 =1

F.4 Battery-Charger Coupling

We next engineer the effective battery-charger interaction. This interaction is not directly available
at the native level, and is instead generated perturbatively through Floquet commutator engineering.
Starting from the two programmable blocks

N
Hi=Y gPotre,  Hy Z 9oy, (E11)

we consider the short Floquet cycle

UF — e—i'Hl(5te—i'H25t€+iH15te+i'H2(5t’ (E12)

where dt is a short control interval. Using the Baker-Campbell-Hausdorff (BCH) expansion, the leading-
order effective Hamiltonian generated over one cycle is proportional to the commutator

HE oc i[Hy, Ha). (E13)
Evaluating the commutator gives
N M ()
[H1, Ha] = 2i0}, ZZg gk 7' vjs. (E14)
=1 k=1

Thus, the engineered interaction takes the form

N M
Hio x 07, > > N 7V, (E15)
i=1 k=1

with A, ~ g( )g(c)&

If the NV modulator is prepared and stabilized in a definite o7, sector during this stage, then o7,
can be replaced by its expectation value, yielding an induced nuclear-spin interaction

Hpd = Z Z A T8V (E16)

=1 k=1

Under the rotating-wave approximation (RWA), the counter-rotating terms are neglected, leaving

N M
Hipe = >3 Ay (TZ v, +71; Vlj) (E17)
1=1 k=1

where A;;, denotes the resonant effective coupling strength. This describes the coherent exchange of
excitations between the battery spins and the charger-spin subset.

To recover the common charger mode appearing in our target Hamiltonian, we now treat the charger
subset collectively. Assuming that the charger ensemble is polarized and remains in the low-excitation
regime, its collective bright mode can be approximated as an effective bosonic degree of freedom.
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The effective coupling matrix factorizes as Ay, = Aink, we define the collective bright-mode operators

1 Y 1 U
= Tz Bt = — vk, (E18)

with the renormalization factor ur
N =" |ml (E19)
k=1

Then the exchange term can be rewritten as
M ~
> Aty =GB, Gi = MVN. (E20)
k=1

In the approximately homogeneous regime, where the selected battery spins experience similar effective
couplings to the collective charger mode, one may further take G; ~ g, so that the battery-charger
sector reduces to the uniform form assumed in the main text.

Accordingly, the battery-charger interaction becomes

HEWA Zg ( BT+ T;BJF) ‘ (E21)

In the low-excitation limit, the collective charger mode may be treated using the Holstein-Primakoff
approximation, under which

B~ ~b, BY=b, [b,0T] = 1. (E22)

The interaction is therefore reduced to
HES ~ Zg (7" b+ 7b), (E23)

which is precisely the desired battery-charger coupling in the target model.
The collective charger mode also carries a free-evolution term in the rotating frame,

He = wib'b, (E24)

where w is the effective collective detuning of the bright mode. Accordingly, the charger sector is
described by

e, = Zg (7" b+ 77 bt) + wndh. (E25)

This bosonic description is valid as long as the number of charger excitations remains much smaller
than the total number M of charger spins. Beyond this regime, non-bosonic corrections become
important. In addition, inhomogeneity in the charger subset can induce leakage from the bright
mode into dark modes, which provides a natural limitation on the quality of the collective-mode
approximation.

F.5 Assembly of the Target Hamiltonian

Collecting the above ingredients, we obtain two effective building blocks. The first is the modulator-
battery sector,

N
off _ WO - wWo _»
Helly = gz S

N\k(

N
Z omtd + ol 1), (E26)
i=1
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while the second is the battery-charger sector,
Hel, = Zg( 7+ b ) + wibfb. (E27)

These two sectors do not need to arise simultaneously from a single static control setting. Instead,
they can be combined within a short-period Floquet protocol,

Up(T) = oS At efm;ffBAtma T = At + Atpo. (E28)

In the high-frequency limit, the corresponding effective Hamiltonian is

Ath AtBC

Hp ~ Hel

HBC? (E29)

up to higher-order Floquet corrections.
By tuning the effective couplings and the duty-cycle ratio, one reconstructs the desired many-battery
Hamiltonian in the sense of effective simulation,

wo N wo J&
_*0 =0 < T w oy oY
Hp~ 57 Z; 2 T + 7 2 (ot + o)
N = (E30)
+9>° (o477 bt) + wibld.
i=1

This matches the target Hamiltonian of the main text, demonstrating that the proposed modulator-
assisted many-battery model can be realized at the effective level in an NV-13C platform.

F.6 Remarks on coupling homogeneity

Throughout the main text, we have adopted an approximately homogeneous effective description in
which the modulator-battery couplings and battery-charger couplings are taken to be uniform, i.e.
J; ~ J and G; ~ g. This assumption is not expected to be exact in a realistic NV-13C implementation,
where the effective couplings generally depend on the microscopic spatial configuration and control
selectivity of the individual nuclear spins.

The main role of this homogeneous approximation is to isolate the collective many-body charging
physics in its clearest form and to preserve the permutation symmetry of the effective model. In
particular, the symmetric structure allows the dynamics to be efficiently restricted to the correspond-
ing collective subspace, which greatly simplifies both the analytical interpretation and the numerical
simulation of the many-battery regime.

Importantly, coupling homogeneity is NOT essential to the physical mechanism proposed in this
work. Moderate inhomogeneity in the effective couplings is expected primarily to broaden and quanti-
tatively renormalize the charging dynamics, rather than to qualitatively alter the interaction structure
or remove the collective charging channel altogether. In this sense, the assumption J; = J and G; = ¢
should not be viewed as a strict experimental requirement.

In particular, the charging-power enhancement discussed in the main text is expected to remain
qualitatively robust against moderate departures from perfect homogeneity.

F.7 Implementation of repeated modulator kicks

In the charging protocol studied in the main text, the evolution is interspersed with repeated local kicks
applied to the modulator. In the present NV-13C platform, such kicks can be implemented directly on
the NV electronic spin by short resonant microwave pulses.
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At the effective level, the continuously engineered evolution is governed by the Floquet Hamiltonian
‘Hr, while each kick is represented by the unitary

Ukick o €42%m, (E31)

which is equivalent to o7, up to an overall phase. Thus, one period of the kicked evolution takes the
form

U(T) = Ugjace MF7. (E32)

Physically, this requires that the kick duration be much shorter than the effective Floquet timescale,
so that the pulse may be treated as instantaneous relative to the engineered free evolution. Since the
kick acts only on the NV modulator, it can be implemented without directly disturbing the battery
and charger nuclear subsets. In this way, the repeated-o, kicking protocol of the main text can be
naturally incorporated into the effective Hamiltonian simulation described above.

F.8 Initial state preparation

The relevant initial states required by the protocol can be prepared using standard NV-center control
techniques. The NV electronic spin can be initialized optically into the |0) state, which serves as a
convenient reference state for the modulator qubit. The battery nuclei can then be prepared near their
spin-down states by combining polarization transfer from the NV center with selective nuclear control,
so that the battery sector starts close to its uncharged configuration.

For the charger subset, the natural reference state is a polarized low-excitation state. In the
collective-mode picture, this corresponds to preparing the charger ensemble close to the vacuum of
the bright mode b. A finite initial charger excitation can then be created by transferring one or a few
excitations from the NV center or from an auxiliary control step into the collective bright mode. In
this way, one obtains the low-excitation initial states required for the Holstein-Primakoff description
adopted above. For example, a single collective charger excitation corresponds to the bright-state
preparation BT |0)¢.

Therefore, the initial configuration assumed in the main text—mamely, a modulator prepared in
a definite computational state, battery spins near their ground states, and a charger prepared in a
controlled low-excitation state—is compatible with standard initialization strategies in the NV-13C
platform.

F.9 Timescale hierarchy and validity conditions

The protocol described above involves two distinct time intervals, which play different physical roles.
The first, denoted by dt1, is the short Floquet step used to assemble the effective Hamiltonian from the
modulator-battery and battery-charger sectors. The second, denoted by dts, is the physical interval
between successive local kicks applied to the modulator qubit.
To implement the effective Hamiltonian stroboscopically, one may consider a short Floquet assembly
step of the form
Up(5t)) = e~ HEcot o=iHypot (E33)

In the high-frequency limit, this realizes the desired combined evolution up to higher-order Trotter and
Floquet corrections. Accordingly, §t; must be chosen sufficiently short so that the noncommutativity
of the two sectors remains perturbative. A natural condition is

Himplotr <1, [HEcldt < 1. (E34)

Equivalently, d¢; should remain much shorter than the inverse of the dominant effective energy scales
of the problem, such as wal, wl_l, J~! and g~ 1.

By contrast, the interval dt, is not the Floquet assembly step, but the physical time between repeated
modulator kicks in the charging protocol. At the effective level, the kicked evolution takes the form

U(6ty) = Ujexe ™ HFot2, (E35)
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where Uyicx x 07, is the kick operator and Hp is the effective Floquet Hamiltonian generated by the
short assembly steps above. In this picture, dts is the protocol parameter that controls the kicking
frequency and should therefore be chosen according to the dynamical regime of interest in the main
text.

To justify the separation between the assembly dynamics and the kick protocol, one typically requires

0t < dto, (E36)

so that many short Floquet assembly steps can be performed between two consecutive kicks. If the
kick itself is implemented by a resonant microwave pulse of duration t,, then one further requires

t, K 0to, (E37)

so that each kick may be treated as effectively instantaneous relative to the engineered free evolution.

Taken together, these conditions define a hierarchy of timescales for the present implementation.
In particular, the protocol is most cleanly realized when the Floquet assembly step is the shortest
dynamical timescale of the effective simulation, while the kick interval dt5 remains short compared
with the relevant coherent dynamics whenever one wishes to approach the dense-kicking or Zeno-like
regime discussed in the main text.

F.10 Noise and decoherence considerations

In a realistic implementation, the effective coherent dynamics derived above will be modified by relax-
ation, dephasing, and collective-mode losses. At the level of the effective model, these effects can be
incorporated using a Lindblad master equation of the form

p=—1i[Hr,pl + 11,mDl0o,]p + vs.mDloy,lp

S - . (E38)
+> (Vuﬂ?[n Ip +74,6DI7; ]p) + KkD[b]p,
i=1
where X
D[L]p = LPLT - i{LTL’ p}. (E39)

Here 71, and <4, denote the relaxation and dephasing rates of the NV modulator, ;5 and v are
the corresponding rates of the battery spins, and « is the effective loss rate of the collective charger
mode.

These noise channels affect different parts of the protocol in physically distinct ways. Decoherence
of the NV modulator is particularly relevant because it directly degrades both the fidelity of the
engineered modulator-battery interaction block and the repeated-kick control sequence. In contrast,
battery-spin relaxation and dephasing primarily limit the amount of energy that can be stored and
retained in the battery sector after charging. Finally, loss of excitations from the collective charger
mode reduces the effective energy supply available for transfer into the battery subsystem.

Importantly, these effects do not immediately destroy the structure of the effective charging mecha-
nism itself. Rather, they renormalize its quantitative performance. In particular, one expects a reduc-
tion in the achievable maximum stored energy, a suppression of the peak charging power, and a short-
ening of the storage lifetime after charging. However, the underlying interaction structure—mnamely,
modulator-battery exchange, battery-charger exchange, and kick-controlled switching—remains com-
plete at the effective level.

This identifies a natural parameter window for experimental observability. The protocol is expected
to remain meaningful provided the relevant coherent interaction scales dominate over the corresponding
loss and dephasing rates, namely

Y1,ms Vo,ms Y1,by V,bs B < J7 g, wi. (E4O)
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Therefore, even without performing a noise-level numerical analysis, the effective description already
makes clear how the dominant imperfections enter the protocol and how they affect its performance.
At this level, noise is expected primarily to reduce the achievable charging power, stored energy, and
storage lifetime, rather than to change the interaction structure underlying the proposed modulator-
assisted charging paradigm.
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