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Reservoir engineering has been widely used in various quantum technologies. Based on a cavity-QED (quantum elec-
trodynamics) model, we propose a potentially practical scheme using squeezed-vacuum reservoir engineering to optimize
the performance of a quantum battery (QB) located inside a cavity driven by a broadband squeezed laser, which acts as a
squeezed-vacuum reservoir. Using the reduced master equation of the QB obtained via the adiabatic elimination method,
we focus on the QB’s charging dynamics under tunable squeezed reservoirs governed by parametrically controlled squeez-
ing parameters, which dictate the efficiency of energy transfer and the extractable work (ergotropy) of the QB. We show that
increasing the squeezing strength improves the charging rate and enables rapid energy transfer, whereas the steady-state
energy of the QB saturates at specific values of the squeezing parameter. Notably, the ergotropy of the QB reaches its
maximum at a critical squeezing strength and does not scale monotonically with the squeezing strength. This nonmono-
tonic behavior underscores the existence of optimal parameter regimes, through which the performance of the QB can be

significantly enhanced.

Keywords: quantum computation, cavity quantum electrodynamics

PACS: 03.67.Lx, 42.50.Pq
DOI: 10.1088/1674-1056/ae1df2

1. Introduction

Beyond their conventional role as quantum registers or
memories in quantum information processing, quantum sys-
tems can also be excited by external chargers or drives to
serve as energy reservoirs, whose stored energy may sub-
sequently be released in a controllable manner during uni-
tary operation cycles. It is within this framework that the
research field of quantum batteries (QBs) emerges.!'™"1 In
brief, QBs offer potential advantages over classical counter-
parts, including enhanced energy storage density in large-
scale integrations and accelerated charging rates. Recent
investigations have highlighted the critical role of different

8211 quch

quantum resources in optimizing QB performance,|
as improving work extraction — quantified via ergotropy,
a measure of maximal work extraction under cyclic uni-
tary operations,[>>-2%! charging power,?’!1 and energy stor-
age stability.’>3*] Experimentally, QBs have been simu-
lated in diverse platforms,3~*! including organic semicon-
ductors coupled to microcavities, >’ semiconductor quantum

S,[36

dots embedded in optical microcavities,*®! superconducting-
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[39.40.46] and linear optical systems.*!=*3] Re-

qubit systems,
cent experimental progress has realized the charging process
of QBs through distinct quantum control methods: indefi-
nite causal-order implementation in linear optical systems, [+3]
interference-based control using emitted fields and coherent

(441 and measurement-feedback approaches via

laser fields,
single-ion information engines.*’! These advancements pro-
vide foundational insights into QB realization.

On the other hand, quantum squeezing enables the reduc-
tion of variance in one quantum-mechanical quadrature below
the standard quantum limit, a property leveraged in recent de-
velopments in QBs. Recent investigations into QB protocols
highlight the role of squeezing effects in enhancing the charg-
ing dynamics of QBs.[>!47-32] Reference [21] demonstrates
that a QB subjected to a strongly squeezed drive and an inco-
herent squeezed thermal reservoir exhibits enhanced thermo-
dynamic efficiency. Concurrently, Downing and Ukhtary!>°!
circumvent energy leakage in QBs by exploiting quadratic
driving with short temporal pulses. This protocol induces hy-

perbolic enhancement of stored energy, scaling with the square
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of the pulse amplitude. Notably, such quadratic driving gener-
ates significant useful work near critical points of dissipative
phase transitions.[*"]

While these results indicate the potential of quantum
squeezing for QBs, the pursuit of high-efficiency energy
storage and fast charging motivates exploration of new pro-
tocols to further enhance charging power and energetic
efficiency.  Reservoir engineering (the deliberate design
of system-reservoir couplings to achieve specific quantum
states and dynamics) has emerged as a promising avenue
due to its capacity for coherence control.l>3>¢ In particu-
lar, squeezed-vacuum reservoir engineering has enabled ad-
vances in various quantum information tasks, including high-

efficiency measurement, >8]

[59-62

entanglement distribution and

1 spin squeezing,[®3 unique resonance fluo-
[64.65

generation,
rescence spectra, I"and squeezing or cooling of mechan-
ical resonators.[%! Inspired by these advances, we propose
an experimental platform employing squeezed-reservoir engi-
neering to optimize QB performance. The QB, embedded in
an optical cavity, is driven by a broadband squeezed laser act-
ing as a squeezed-vacuum reservoir. Using the adiabatic elim-
ination method!67-%8! in the bad-cavity limit, we derive a re-
duced master equation to study charging dynamics. We quan-
titatively characterize stored energy and ergotropy (extractable
work) as functions of the squeezing parameters. Our analy-
sis reveals that increasing the squeezing strength accelerates
energy transfer rates during charging. However, the steady-
state energy saturates beyond a critical squeezing parameter
due to competition between nonlinear interactions and dissi-
pative effects. Crucially, the ergotropy displays a nonmono-
tonic dependence on the squeezing strength, reaching its max-
imum at an optimal squeezing parameter. This demonstrates
a fundamental trade-off: while stronger squeezing enhances
charging speed, it may conversely reduce work-extraction effi-
ciency. Therefore, tailored squeezing protocols can maximize
overall QB performance by mitigating energetic losses at the
expense of reduced ergotropy, establishing optimal squeezing
parameter regimes for QB enhancement.

The paper is organized as follows. In Section 2 we give a
brief introduction of the model and the figures of merit that we
will be mainly interested in throughout this work. Section 3
describes the performance of QBs under different parameter
conditions. We discuss and conclude in Section 4.

2. Model and method

Consider a cavity-QED (quantum electrodynamics) sys-
tem in which two independent qubits are confined in a single-
mode cavity driven by an external laser field, as schemati-
cally represented in Fig. 1. In the rotating frame with H, =
oce+ %): j sz-, the Hamiltonian of the whole system can

be expressed as (= 1)
i 2 Ay z Ty + T
H=A.c c+Z 76j+gj(c 0; +co) )| +Q(c"+c). (1)
J

The annihilation and creation operators for the cavity field are
represented by ¢ and ¢', and the operators for the qubits op-
erating at the same frequency @y are denoted by GJQ‘ (where
o = z,£). The coupling strength between the cavity field and
the j-th qubit is indicated by the parameter g;. The detunings
are defined as follows: A = W, — o, A, = @y — O, repre-
senting the differences between the laser frequency @y and the
cavity frequency @, or qubit transition frequency @y, respec-
tively. Q = ZM provides the driving amplitude, where
p is the input laser power and k is the cavity damping rate.

OPA

Charger QB

Squeezing reservior

——

wr,, {2

Fig. 1. Schematic of the squeezing QB setup: a cavity-QED system con-
sisting of a pair of qubits (QB and charger), driven by a coherent laser
with frequency @, and driving amplitude Q. A broadband squeezed laser
field, generated by an OPA with squeezing degree r around the central
frequency @, is injected into the cavity.

In the present model, the cavity is driven by a broadband
squeezed laser field, which is generated by an optical paramet-
ric amplifier (OPA) and is characterized by a squeezing degree
r and a central frequency @,. This cavity field, in turn, acts
as a squeezed-vacuum reservoir for the qubits, constituting
the main point of our squeezed-reservoir engineering. Taking
all these dissipative effects into account and under the Born—
Markovian approximation, we can derive a master equation for
the density matrix p,.(¢) of the total system consisting of the
cavity field and the qubits as

pac(t) = _i[vaaC(t)] "‘EapaC(t) + 'CcpaC(t)- (2

The dissipation effects with respect to the qubits and cav-
ity can be described by the Lindblad superoperator terms
Lo=1Y; }/jb“f"’f and L. = k(N + l)ﬁcﬂ + KNT)L% —
K[MGZiApt,Z\jC_’c‘—‘rh.C.}, respectively. Here, A, = @, — @ is
the detuning between the broadband squeezing driving field
and the coherent driving field, while M = coshrsinhr and
N = sinh? r are related to the squeezing parameter of the reser-
voir. ¥; and K are the dissipation rates of the qubits and the
cavity, respectively, and the superoperator 15,,, p 1s defined as
D, ,p(t) =20p(t)p—{po,p(t)}, which satisfies the Lindblad
form.

Under the interaction picture U = exp(i(Ac.c’c +
):? A,07/2)t), combined with the squeezing transformation
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Pac(t) = SUpac () UTST with § = e("(€*=")/2) 'Eq. (2) can be
rewritten as

ﬁac([) = _i[l:lhpac(l)] + Eapac(t) + £Epac(t)u (3)

where H; = c'A(t) + hc. and Lz = kD, + with A(t) =
¥j12l8(0; e/ YNTT + o e 14740 N) + Q(1)]
and Q(f) = Q(ei4’y/N+1+ e 14'\/N). Here, we set A, =
Ap=A.

Based on the adiabatic elimination method,[©1:6%701 the
cavity field can be eliminated in the limit of k¥ > ;. Under
the Born approximation, p,.(¢) can be factorized as p,.(¢) ~
pa(t) ®(]0)(0|c), yielding a reduced master equation for the

two qubits with p(¢) = Tre[Pac(?)]-
—Lt

For this purpose, we

rewrite Eq. (3) as Puc(f) = e Pac(t), leading to

Pac(t) = LaPac(t) —iA(t)e“[p, ( 1)e']
+ie” E’[Cpac(t)]AT(f) AT(1) e 5 [cPac(1)]
+ie 4 Pac(t)cTA() — iA(t)e e, Pac(t)]
—ie 5 [c, pac(1)]AT (1), )
where

e 5 et Puc()] = e'[e", uc(1)];

_Lvt[c Pac(t)] = e (e, Pac(t)],

Tl [epac(t)] = e M ePac(t),

“’[ Pac(t)c T] T Bac(t)e’ )

Taking t' =t — 7 and tracing over the cavity degrees of free-
dom, we obtain the reduced master equation for the two qubits

p = L)+ [ e HAMBOA (1~ 1)
—AT(1)A(t —1)p(r) +h.c]dr. (6)

Returning to the Schrédinger picture, the reduced master equa-
tion for the two qubits becomes

p(t) = 7i[H07p( )]+£ap( )

{Zg,gk [QK Y gilp

j=12
+e*2‘A’FM(26j p(;)gk —p(t)(fk (F]Jr —GfG;:rP(I))}

+NF (0} p(t)o; —p(1)o} 0] +0;p(1)o]

GJT] —l—h.c.},

)

—0; ol p(t))+F[o;p(t)o) —p(t)o;

where HO = Aa ZI 65/2, F= %

A=A and K =

K+1A

3. The performance of QB

Assuming that the first qubit acts as the charger (denoted
by C) and the second qubit serves as the quantum battery (de-
noted by B), the dynamics of stored energy of the QB can be

expressed as

AEg (t) = TI‘[HBPB (Z)], ®)

where pg (1)
QB. According to the second law of thermodynamics, AEg ()

= Trc[p(t)] is the reduced density matrix of the

cannot be fully extracted from the QB. Therefore, a suitable
measure of the extractable work is introduced using the con-
cept of ergotropy:[>>-2%! the maximum amount of energy that
can be unitarily extracted, defined as the difference between
the internal energy of the QB and that of its corresponding
passive state Pg(r), which provides no energy under unitary
operations:

W(1) = A (1) — minTr [HgUps(1)U'], )

where the minimization is performed over all unitaries U act-
ing locally on the QB. By diagonalizing Hg and pg(¢), one can
=Y,& e el
and Hg =Y jej|e;)(e;|. The eigenvalues of pg(f) are arranged

obtain their spectral decompositions as pp(t)

in descending order, €; > €;,1, and the eigenvalues of Hp in
ascending order, e¢; < eji. The term miny Tr [HB Ups(t)U T}
in Eq. (9) simplifies to ), e,&,. Another important quantity
characterizing the QB’s efficiency is the ratio between the ex-

tractable work and the stored energy
R(t) =W(t)/AEB(t). (10)

Figure 2(a) analyzes the dynamics of stored energy
AEg(t) of the QB under different squeezing conditions. In
the weak squeezing regime (0 < r < 1), the charging effi-
ciency remains low, and at the end of the dynamics the en-
ergy persists at minimal values below 0.04. In the moderate
squeezing regime (1 < r < 2), the charging behavior exhibits
a measurable degree of optimization, with the energy reach-
ing its maximum value within a shorter timescale, less than
100. In summary, the high-energy region becomes broader,
accompanied by a longer duration for peak-energy preserva-
tion as the squeezing strength r increases. Further increasing r
into the strong squeezing regime (r > 2) significantly improves
the charging efficiency, enabling the QB to reach its saturation
value rapidly. This fast-charging process constitutes a defining
feature of the strong squeezing regime, as shown explicitly in
Fig. 2(a).

In Fig. 2(b), we present the dynamics of AEg(¢) for dif-
ferent r. The energy increases over time until it reaches a
saturation value, and the maximum energy increases signifi-
cantly with r. In addition to this trend, each curve exhibits
superimposed minor oscillations. While the energy shows a
decreasing trend at the end of the dynamics when r = 0, this
trend is absent under squeezing. These results demonstrate
that squeezing effects significantly enhance the robustness of
AFEg against dissipation. Under squeezing, the energy persists
near its steady-state value with minimal oscillations. Notably,
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the first peak appears earlier for larger r, indicating a faster
charging process assisted by quantum squeezing. Specifically,
AE .« increases with r, and the time required to reach AE,x
decreases with increasing r. For instance, the orange line
(r = 1.5) reaches its first peak at t = 50, which is one-tenth of
the time ¢ ~ 500 required to reach maximum energy for r =0
(red line). This is because squeezing effectively enhances the
QB-charger coupling, leading to faster energy exchange. The
underlying mechanism is the nonclassical effects induced by
squeezing, which transform the initial state, enhance quan-
tum fluctuations and coherence, and accelerate energy trans-
fer. Stronger squeezing results in more pronounced nonclassi-
cal effects, yielding faster charging and increased total stored
energy.

Figure 3 presents the dynamics of AEp across three pa-
rameter regimes of r: weak squeezing (0 < r < 1), moder-
ate squeezing (1 < r < 2), and strong squeezing (2 < r < 4).
For 0 < r < 1 in Fig. 3(a), AEp increases monotonically with
time and then asymptotically approaches a saturation value.
The maximum attainable energy AEn,x scales strongly with
r. In addition to this dominant behavior, each energy evo-
lution curve exhibits superimposed small-amplitude oscilla-
tions. When 1 < r < 2, the main features of the four curves
in Fig. 3(b) closely resemble those in Fig. 3(a). However, the
characteristic time 7, required to reach AE,, is further re-
duced, the saturation values under different  converge more
closely, and the small oscillations previously observed along
each curve in Fig. 3(a) nearly vanish.

300 0.10
250
0.08
200
0.06
~ 150
100 0.04
50
0.02
0
r 0
0.08} |
< 0.06
m
> i
<4 0.04}
0.02f
ol (b)

0 200 400 600 800 1000 1200
t

—r=0 - r=05--r=10 -r=1.5

Fig. 2. (a) Stored energy AEg (¢) as a function of squeezing strength r and

dimensionless time 7. (b) Dynamics of AEg(¢) for different r, where the

red, blue, cyan, and orange lines correspond to squeezing degrees r = 0,

r=0.5, r=1, and r = 1.5, respectively. Other parameters are set as

k=0.7,02=0.1,g =g =0.05 & =02, ® =0.2, and @ =0.1.

0.08
— (a)
= 0.06 ]
BSQ ; ’:
4 o004
0.02f
s —7r=0 cr=0.25 r=0.5 —r=1 y
% 200 400 600 soo 1000 1200 % 50 100 150 200
010 T
= (c) | 0.08 (d) |
] 0.06}
< 0.04}
002}/  —r=225 r=25 r=275 - r=3 002}/ —r=325 r=35 =375 - r=1
% 5 10 15 20 2 30 % 05 1.0 1.5 2.0 2.5

t

t

Fig. 3. Dynamics of stored energy for different squeezing parameters. Other parameters are set consistently with Fig. 2.

More notably, the strong squeezing regime (2 < r < 4) ex-
hibits an ultra-fast charging rate. At . ~ 20, AEp rapidly satu-
rates, and the QB achieves an ultra-fast charging process facil-
itated by strong quantum squeezing. Furthermore, the time .
can be reduced to as low as about 2 when r > 3, as shown in the

inset of Fig. 3(c). These behaviors reveal an r-dependent opti-

mization of the charging time for the QB. Within an extremely
short duration, the steady-state stored energy AEg converges,
irrespective of r. Although quantum squeezing modifies the
QB’s state and dynamics, the ultimate steady state is deter-
mined solely by the reservoir’s temperature, leading to iden-

tical steady-state energies for different values of r. This indi-
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cates that, in the present model, the squeezing effect has lim-
ited impact on the long-time performance of the QB, although
it drives the QB into equilibrium more rapidly. Most notably,
an optimal energy exists corresponding to a critical squeezing
parameter .. Once r. is exceeded, AEg no longer increases,
although the charging time can be further reduced with in-
creasing squeezing strength. Physically, the faster charging of
the QB in the presence of squeezing arises from the squeezing-
amplified effective QB-charger coupling strength, thereby in-
creasing the energy transfer rate. These mechanisms demon-
strate how squeezing parameters can strategically control the
QB’s performance metrics. As is well-known, a squeezing ef-
fect, rooted in Heisenberg’s uncertainty principle, is defined as
the reduction in the uncertainty of one observable at the cost
of increased uncertainty in its conjugate.!”!-7?! Physically, the
squeezing in the reservoir inevitably modifies the non-unitary
relaxation dynamics and the associated irreversibility during
the thermodynamic process.

Figure 4 illustrates how W(z) evolves in the parameter
space of r and 7. It shows that the inherent squeezing effect
stemming from the reservoir plays a crucial role and signif-
When 0 < r < 1.5, W(t) exhibits
damped oscillations toward a steady-state value, and the oscil-

icantly influences W(t).

lation peaks become narrower with increasing r. Once r ex-
ceeds 1.5, the oscillation period becomes shorter, and the os-
cillation peaks become wider. However, the maximal value of
ergotropy Whax does not increase monotonically with increas-
ing r, and a distinct optimal regime emerges near ro, ~ 1.8,
where W(r) achieves the highest peak values and most fa-
The optimized W(r) in
the intermediate squeezing regime (1.5 < r < 2) arises from

vorable steady-state performance.

the competing effects between the squeezing-enhanced energy
transfer rate and the accelerated decoherence due to stronger
system-reservoir coupling at large r. Simultaneously, the
squeezing operation introduces additional quantum noise that
amplifies the system-reservoir coupling, leading to intensi-
fied dissipation. Therefore, the optimal squeezing parame-
ter 7op represents a balance point where coherent dynamics
competes with dissipative losses. When r > 3, W(r) remains
small during the charging process. This implies that the per-
formance of the QB can be optimized by modulating the de-
gree of squeezing, as shown in Fig. 4(a). Notably, increasing
the squeezing strength r effectively enhances the QB—charger
coupling, thereby reducing the charging time. However, once
r exceeds a critical threshold, dissipative effects dominate: os-
cillations are suppressed, and the system rapidly equilibrates.
This trade-off yields an optimal squeezing parameter rop ~
1.8 for peak energy storage and work extraction, where the
squeezing-enhanced energy transfer and dissipation-induced
losses achieve dynamical balance.

300
250 0.004

200
0.003

= 150
100 1 0.002

50
0.001

0

r 0

0.004f o4 (b)
0.003

0.002

Ergotropy

0.001

0 100 200 300 400 500

—r=0 -r=2 r=21-r=22

Fig. 4. (a) Ergotropy W(¢) as a function of squeezing strength r and
dimensionless time ¢. (b) Dynamics of ergotropy W(t) for different r,
where the red, blue, cyan, and orange lines correspond to r =0, r = 2,
r=2.1, and r = 2.2, respectively. Other parameters are set consistently
with Fig. 2.

Figure 4(b) shows the evolution of W(t) for different r. In
the non-squeezing case (r = 0), W(t) exhibits damped oscilla-
tions with relatively low amplitude and approaches zero peri-
odically. Consequently, the difference AW(#) = Winax — YWinin
between the maximum and minimum values of ergotropy is
large. In contrast, AW(t) gradually decreases as r increases.
Note that Wpax does not grow monotonically with r, indi-
cating the existence of an optimal squeezing parameter for
work extraction and implying a trade-off between squeezing-
enhanced energy transfer and decoherence-induced dissipa-
tion. At r ~ 2.2, decoherence dominates over coherent dy-
namics, driving the system into an overdamped regime.

It is important to emphasize that the trend of W(¢) dif-
fers from that of AEg. For AEpg, increasing the squeezing
strength enables the QB to store more energy with shorter
charging time, as the squeezing induces stronger QB—charger
interaction and speeds up the charging process. In contrast,
W(t) exhibits a more intricate dependence on r and does not
demonstrate such pronounced advantages. To analyze this de-
pendence in detail, we partition r into discrete intervals and
examine specific values, as shown in Fig. 5.

In the weak squeezing regime (0 < r < 1), both the peak
width and the peak value of the maximal ergotropy Wnax de-
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crease with 7. In the moderate squeezing regime (1 < r < 2),
for r > 1.5, increasing r enhances W(r), with an optimal
squeezing parameter rop ~ 1.8 at which Wy, reaches its max-
imum. In the strong squeezing regime (2 < r < 3), only the red
curve (r = 2.25) shows an advantage over the case of r = 0,

while other curves exhibit no observable benefits except for
their non-vanishing amplitudes in the long-time limit. In the
ultra-strong squeezing regime (r > 3), WW(¢) remains persis-
tently low, significantly below the values observed in the ab-
sence of quantum squeezing.
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Fig. 5. Dynamics of ergotropy W(r) for different squeezing parameters. Other parameter settings are consistent with Fig. 2.

Therefore, from the perspective of quantum reservoir
engineering, employing a squeezed reservoir represents a
promising approach for utilizing the squeezing effect as a
quantum resource to enhance the performance of a QB. How-
ever, strong squeezing simultaneously amplifies dissipation.
Consequently, achieving optimal QB performance requires
precise engineering of the squeezing strength parameter with
high accuracy.

4. Discussion and conclusion

Compared to the model in Ref. [21], which employs
an incoherent squeezed thermal bath, our scheme utilizes
a broadband squeezed laser to engineer a squeezed-vacuum
reservoir for the cavity-QED system, enabling dynamic con-
While
Ref. [50] demonstrates hyperbolic energy enhancement via

trol over both coherent and dissipative processes.

pulsed quadratic driving, our work employs continuous-wave
squeezing, facilitating a stable steady-state analysis and re-
vealing a nonmonotonic behavior of ergotropy with respect to
the squeezing strength — a crucial trade-off not highlighted in
their transient pulse scheme. In contrast to Ref. [49], which
focuses on critical phenomena near dissipative phase transi-
tions in a quadratically driven system, our work explores the
full parameter space of squeezing strength, identifying dis-
tinct charging regimes (weak, moderate, and strong squeezing)
and an optimal squeezing parameter for maximal ergotropy.
Therefore, our work identifies a fundamental trade-off be-
tween squeezing-enhanced charging and ergotropy degrada-
tion beyond a critical squeezing strength, a phenomenon pre-

viously unaddressed in the literature.[21:49-0]

While our analysis is based on a Markovian framework,
incorporating non-Markovian effects could offer further av-
enues for performance optimization in our squeezed-reservoir
QB model.'173-771 Non-Markovian environments, character-
ized by memory effects and information backflow, may al-
low partial recovery of energy otherwise lost to the reser-
voir. In the present model, such memory effects could poten-
tially reinforce squeezing-enhanced coherent dynamics, miti-
gating the ergotropy degradation observed at high squeezing
strengths. Future work could explore this prospect by inte-
grating structured, non-Markovian reservoirs into the present

78791 Investigating the interplay between

cavity-QED setup.!
engineered squeezing and environmental memory could reveal
new mechanisms for sustaining high ergotropy and stabilizing
battery performance.

Regarding experimental feasibility, generating broadband
squeezed light via optical parametric amplifiers (OPAs) or os-
cillators (OPOs) is a well-established technique. Crucially, in-
jecting such squeezed fields into optical cavities to engineer
the effective dissipative environment for embedded quantum
emitters has been experimentally demonstrated. The seminal
work demonstrated the interaction of an artificial atom (a su-
perconducting qubit) with a squeezed vacuum field generated
by a Josephson parametric amplifier (JPA).[®] The modifica-
tion of the resonance fluorescence spectrum observed provides
clear evidence of interaction with a non-classical squeezed
reservoir.

Based on established circuit QED techniques from
Refs. [57,58,65], the proposed squeezed-reservoir QB is ex-
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perimentally feasible. A transmon qubit embedded in a JPA
can serve as the QB, with the JPA generating the required
broadband squeezed vacuum reservoir when flux-pumped in
the degenerate mode. This integrated approach, similar to
the qubit-parametric-amplifier (QPA) architecture in Ref. [57],
enables both generation of the engineered squeezed reser-
voir and high-efficiency measurement of the QB’s energy
and ergotropy. The predicted nonmonotonic ergotropy ver-
sus squeezing strength can be systematically tested by tun-
ing the JPA pump power and phase, analogous to existing
squeezing protocols for controlling dephasing and measure-
ment sensitivity.>7%631 While challenges such as parasitic
dephasing from on-chip squeezing and saturation effects ex-
ist, they can be mitigated through device optimization, making
this a viable platform for exploring quantum-enhanced energy
storage.

In summary, squeezed-vacuum reservoir engineering, im-
plemented via a parametrically controlled broadband squeezed
laser driving a QB-embedded cavity-QED system, signifi-
cantly optimizes QB performance. By deriving a reduced
master equation through the adiabatic elimination method, we
reveal that the squeezing parameters govern both the energy-
transfer dynamics and the ergotropy of the QB. Increasing the
squeezing strength enhances the charging rate, enabling rapid
energy transfer, while the steady-state energy saturates beyond
critical squeezing parameters.

A key finding is the nonmonotonic dependence of er-
gotropy on squeezing strength: it peaks at an optimal squeez-
ing parameter before declining, indicating a trade-off between
squeezing-enhanced QB-charger coupling and squeezing-
induced amplified dissipation. This identifies an experimen-
tally tunable regime where squeezed-reservoir engineering
maximizes ergotropy, offering a resource-efficient strategy for
enhancing quantum energy storage devices. Our results may
stimulate further experimental and theoretical investigations
into controllable quantum resources for optimizing QB effi-
ciency. This work demonstrates how quantum squeezing ef-
fects can be utilized to enhance the performance of quantum
thermodynamic devices. The identified mechanism provides a
pathway to exploit quantum reservoir engineering to optimize
QB performance in open quantum systems.
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