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Abstract: In this paper, we propose a scheme where the charging performance of micro-
maser quantum batteries can be improved. Our physical system includes a quantized cavity
field interacting with a series of identical two-level atoms one by one. In order to improve
the performance of the battery, two methods are introduced: one is using a controlling field
to drive atoms, and the other is placing OPA crystals in the cavity. Under these different
methods, we discuss the influence of different parameters on battery capacity. Finally,
combining the two methods for charging yields better results than using either of them
alone. These protocols are found to be stable and robust, and most of the stored energy in
the quantum batteries can be extracted for work. Our scheme has a potential applications
in quantum energy storage devices.

Keywords: quantum batteries; micromasers; classical driving field; optical parametric amplifier

1. Introduction

In recent years, the trend towards the miniaturization of technology and devices
operating at the nanoscale has led to the expansion of traditional thermodynamic concepts
such as work and heat to explain quantum mechanical effects, resulting in the emergence
of the field of quantum thermodynamics. Researchers have conducted a series of studies
on quantum thermodynamic devices with different functions, and quantum batteries are a
major research hotspot. Unlike the concepts of lithium batteries and lead-acid batteries that
we usually refer to, quantum batteries can be composed of various substances, such as ions,
neutral atoms, photons, or organic polymer materials, as long as these materials can form
quantum entanglement systems. Simply put, a quantum battery [1-3] is a quantum system
that provides temporary energy storage, storing energy provided by external sources and
making it available for use by other devices. Alicki and Fannes [4] were the first to work
on this topic, and subsequent research has expanded in several different directions. A
series of quantum battery models have been proposed, including simple models such as
two-level system quantum batteries or resonant quantum batteries [5-9], as well as many
multibody quantum battery models [10-20], including Sachdev—-Ye—Kitaev batteries [21],
the Tavis—-Cummings quantum battery [22,23], the Dicke quantum battery [16,24], random
quantum batteries [25], spin-chain quantum batteries [10,12,26,27], and so on. Most research
focuses on the energy stored in quantum batteries, the energy available for operation,
charging power, and other properties. Sachdev—Ye—Kitaev batteries utilize the collective
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effects of quantum many-body systems to achieve energy. This research contributes to a
deep understanding of complex phenomena such as quantum entanglement. However,
there are challenges in applying its results and theories to the real world. The Tavis—
Cummings quantum battery utilizes multiple two-level atoms (qubits) to couple and
interact with a single-mode optical field in the cavity, which can improve the efficiency of
energy storage and transmission. However, the model’s ability to describe multi-mode
and complex optical field environments is limited. The Dicke quantum battery is a system
composed of multiple two-level atoms (qubits), which helps to gain a deeper understanding
of the physical properties and working principles of multi-qubit systems in quantum
batteries. However, approximate conditions lead to certain deviations between theoretical
calculations and actual situations. The principle of Random quantum batteries is based on
the randomness and fluctuation characteristics in quantum systems. It can flexibly optimize
the performance of quantum batteries. However, it places high demands on experimental
techniques. Spin chain quantum batteries are composed of a series of coupled spin particles
(qubits), and are beneficial for achieving higher energy storage capacity and more powerful
functionality. However, the interactions between spins in spin chains are very complex, and
the strength and direction of these interactions are difficult to precisely control and adjust in
actual quantum battery systems, which may lead to unpredictable and difficult-to-optimize
performance of quantum batteries.

As energy storage devices that utilize quantum effects, the core advantage of quantum
batteries lies in their ability to achieve efficient energy storage and transfer. This technol-
ogy utilizes quantum correlation and entanglement properties to break the limitations of
traditional batteries in energy storage and transmission efficiency, providing new possibili-
ties for future energy storage technologies [28,29]. With the advancement of technology
and the continuous pursuit of energy efficiency, the application of quantum batteries has
gradually become a hot research topic. Especially in the face of increasing energy demand,
the development of quantum batteries is particularly important, as it has the potential to
reconstruct thermodynamic and dynamic laws at the microscale through the characteristics
of quantum systems, and achieve new principle energy storage and supply devices with
a smaller size, stronger charging power, higher charging capacity, and larger extractable
work [30,31].

Despite facing many challenges in the development and application of quantum
batteries, such as aging and environmentally induced decoherence, scientists have made
some progress. In recent years, collision models [19,32-35] have become a hot research
topic. Using quantum resonators or large spins as models, batteries are charged through
sequential interactions (collisions) with a stream of qubits. When the qubits are prepared in
some coherent state, they exhibit stronger performance than their classical counterparts
compared to non-coherent charging. In previous studies, it has been demonstrated that a
micromaser [36—41] charged through coherent qubits can be considered an excellent model
for quantum batteries. In a micromaser, the flow of a two-level system (qubit) interacts
sequentially with the electromagnetic field in the cavity, simulating a quantum harmonic
oscillator. In fact, this system has recently been proposed as an excellent model for quantum
batteries and can be described using the famous Jaynes—-Cummings model [42,43]. In this
article, we will discuss methods to improve battery charging performance based on existing
theoretical foundations.

Quantum batteries rely on quantum states to store and transfer energy, but quantum
states are highly susceptible to environmental noise such as fluctuations [44] and electro-
magnetic interference [45], leading to decoherence [46] and the loss of their unique quantum
properties, resulting in the loss of quantum information. This affects the accuracy of energy
storage and operation, making it difficult to effectively store and transfer energy, thereby
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affecting battery performance. To maintain the stability of quantum states, it is necessary to
develop effective anti-interference technologies. The existing energy system is based on
classical physics principles, while quantum batteries are based on quantum mechanics, and
their energy extraction and conversion mechanisms are different. Moreover, existing energy
systems may not be able to directly utilize the energy output from quantum batteries, and
efficient storage and extraction of energy from quantum states remains a challenge. In
order to achieve efficient energy transfer, further research is needed. Research on quantum
batteries is an important component of the development of quantum technology. Solving
the technical challenges faced by quantum batteries will drive theoretical and experimental
breakthroughs in these fields, promote the development of related quantum technologies
such as quantum computers and quantum communications, and open up a new era of
quantum technology applications. With the continuous growth of global energy demand,
traditional energy is facing depletion and environmental pollution problems, and there
is an urgent need for new and efficient energy storage technologies. Quantum batteries
theoretically have higher energy storage density and charge-discharge efficiency, meeting
future energy demands.

In this article, we explore methods to improve the charging performance of micromaser
quantum batteries. First, we use a controlling field to drive atoms; in other words, we apply
a driving field to the qubits in the system, which occurs before interacting with the battery,
to explore the maximum charging capacity [47] and extractable energy [13,48,49] of the
quantum battery. Then, we place optical parametric amplifier (OPA) [50-52] crystals in the
cavity to study its performance and investigate the influence of different parameters on
battery energy. Finally, on the basis of these two methods, we attempt to combine them
and observe whether the combined approach has advantages over the individual approach.
In the end, we conclude that they all can improve battery performance to a certain extent.

2. Model

As shown in Figure 1, the quantum battery is composed of a quantized electromagnetic
field (EM) inside the cavity, which is regarded as a quantum harmonic oscillator. This
quantum battery is initially prepared in the ground state |0). The charging process involves
a series of identical two-level atoms (qubits) continuously interacting with the quantum
battery to achieve the effect of charging the battery. The initial state of each two-level
atom is

g = q18) (8l + (1 = q)le) (el + ¢\ /q(1 — q)(Ig) {e] + le) (), @

where g € [0, 1] controls the degrees of population inversion. When g = 0, the qubit is in
an excited state; when g = 1, the qubit is in the ground state; and when g € (0,1), itisina
superposition state of the ground state and the excited state. ¢ € [0, 1] controls the degrees
of population coherence. Qubits are in an incoherent state when ¢ = 0, a coherent state
when ¢ = 1, and an incompletely coherent state when ¢ # 1. The interaction between a
qubit and the cavity field is described by the Hamiltonian

H=Hy+ H;
Hy = waa'a + wyo o , (2)
Hy = g(aoy +a'o_ +atoy +ao_)

where w, and wy are the frequencies of the field and the qubit, respectively; a' is the
creation operator of the harmonic oscillator and a is the annihilation operator; and o and
o are the rising and lowering operators of qubits, respectively. g represents the coupling
coefficient between the field and the qubit. We usually take 77 = 1, and we also consider the
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case of resonance between the field and qubit, which means that the frequencies of the field
and qubit are equal and taken as w.

le)

PB H,
Pq
- 0—0—0—0—0—

lg)

Figure 1. A diagram of a micromaser quantum battery. The qubits on the left indicate that they are in
a superposition state of ground and excited states at the time of entry. The middle shows that the
qubits enter the cavity and interact with the electromagnetic field. The qubits on the right indicate a
decrease in their interaction energy with the EM field.

It is convenient to describe the dynamic behavior in the interaction picture; therefore,
in the interaction picture, the Hamiltonian of the system evolution is simplified as

H; = g(a(f+ +ato. 4+ e29tto, + eiiz“’ta(f_), 3)

We usually refer to the first two terms in the above equation as rotating terms, and
the last two terms as counter-rotating terms. From this, we can derive the time evolution
operator as

Uy(t) = Texp{—i /0 ‘ Hl(t)dt}, @)

where 7T is the time-ordering operator and 7 is the interaction time between a single qubit
input and a harmonic oscillator. For the sake of simplicity and effectiveness, we fix T = 1.
As is well known, a time-dependent Hamiltonian means that the energy of a system
is not a constant, but a function that varies over time. This makes the dynamic behavior
of the system complex and difficult to analyze. Therefore, omitting the counter-rotating
terms of the above equation can greatly simplify our calculation process. We all know that
when g/w < 1, the counter-rotating terms can be omitted, which is the familiar JC model.
However, in the charging process of quantum batteries, weak coupling can lead to slow
charging, which is not what we want. In order to improve the charging speed of quantum
batteries, the ultrastrong coupling regime of 0.1 < £ < 1 is worth considering. We will
use the method introduced in Ref. [43], which shows that by simultaneously modulating
the frequency of the qubit and the field, the counter-rotating terms can be neglected, and
the resulting dynamics are described by the Jaynes—-Cummings (JC) unitary operator. In
Refs. [40,43], it has been proven that the time evolution operator can be expressed as

u; (g) _ e*ig(a0++ll+(7_)/ (5)

and the coherence parameter ¢ can be set to be real by applying a rotation along the z axis,
which does not alter the time evolution operator Uj(g). At this point, the Hamiltonian is
Hj = g(acy +a'o_).

In the battery charging process, as depicted in Figure 1, the battery is initially in a pure
state |0), which means that the charging process of the battery is initialized by the cavity in
its ground state pg = |0)(0|. With pp (k) denoting the battery state after having interacted
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with k qubits, k = 0,...,n, we use p(k) = pp(k) ® p, to represent the state of the system.
The time evolution can be written as

pp(k+1) = Trg[Ur(g)p (k) U] ()], (6)

where Tr, is the trace over qubit degrees of freedom.

3. Figures of Merit

The above equation represents the iterative relationship of the charging process; we can
calculate the relevant performance of quantum batteries based on this iterative relationship,
such as the battery’s ability to store energy, charging power, work extraction, etc.

The energy stored [5,6,9,53] in the quantum battery after k interactions with a qubit is
represented by E (k) = Tr(Hppg(k)), where Hp = wa'a is the battery Hamiltonian and the
trace is taken over battery degrees of freedom. When we know the energy of a battery, its
performance can be quantified acco;‘fll(i)ng to the charging power [2,54-57]. We define the

charging power of a battery as P = —*; here, T is the time of a single interaction between
the qubit and the battery, and we take it as 1, thatis, P = %

For batteries, we hope that the energy charged can be effectively utilized. If the energy
can be fully utilized, we require the purity of the fully charged battery to be 1, and the
expression for purity is P (k) = Tr(p3).

The indicators for measuring the performance of quantum batteries also include
ergotropy [58], which is the maximum energy that can be released during an ideal discharge
process. It refers to the ability of quantum batteries to generate useful work, and its
mathematical expression is

Ep(k) = E(k) — miny tr[HgUpgU'] . 7)
By diagonalizing Hg and pp separately, we can obtain

Hp =3, en|en><en|

pB(k) = L ra (k) |ra (k) (ra (k)| - ®8)

The eigenvalues of pp are arranged in descending order as rg > r; > - - -, and the
eigenvalues of Hp are arranged in ascending order as ¢y < e; < - - -. The right-hand side
of the formula can be simplified as

miny tr[HgUppgUT] = ¥, ey . )
Thus, this formula can be transformed into

Eg(k) = E(k) — Y ruen. (10)

It is easy to obtain £p(k) < E(k) from the above equation, so we can define the

efficiency R(k) as the percentage of ergotropy £g (k) to E(k), thatis, R(k) = ?((kk)) , describing

the release efficiency of useful energy in quantum batteries.

4. Classical Driving Field

In Ref. [40], the researchers demonstrated numerically that a micromaser can quickly
charge to achieve an almost steady state. And they showed that for a micromaser, the
almost steady states mentioned above are approximately pure; therefore, in principle,
almost all energy can be reversibly extracted. This is a very surprising feature.

On the model of the original system, we want to find a suitable method to improve
the performance of the battery. We try to add a driving field before the qubits interact with
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the cavity to drive these two-level atoms, as shown in Figure 2. The Hamiltonian of the
added driving field is
Hy = f(e Witgy +evalg_), (11)

here, f is the driving field strength, and the frequency of the driving field is represented
by wy.

le)

, PB H,
q
- 90— 0—0—0—0—

lg)
f

Figure 2. A diagram of a micromaser quantum battery operating via the classical driving field. Before
the qubits enter the cavity, we add a classical driving field to drive them. The strength of this driving
field is represented by f.

When the driving field frequency is equal to the transition frequency of a two-level
atom, a resonance phenomenon occurs. This greatly improves the energy exchange effi-
ciency between qubits and cavities, reduces losses during energy transfer, and enhances
the charging speed and efficiency of quantum batteries. Appropriate classical field driving
can create an equivalent shielding environment around the qubit, changing the coupling
mode between the qubit and the external environment, and reducing the impact of external
noise and interference on the qubit. In this way, qubits can better maintain their quan-
tum properties during the interaction with the cavity, reduce energy loss and information
loss, and help improve the overall performance of quantum batteries. Our discussion is
based on the assumption that the frequency of the driving field is equal to the transition
frequency of the qubit. After a unitary transformation, the above equation can be trans-
formed into H; = f(ct + ¢ ). In the frame rotation, the total Hamiltonian of the system,
Hp = Hj} + H}, can be written as

Hp = glacs +a'c_) + f(oy +0-), 12)

In the framework of quantum electrodynamics, when a classical driving field acts on a
qubit, it will couple with the qubit. The driving field can be represented as an oscillating
electromagnetic field that interacts with the electric dipole moment of a qubit, and a term
describing this interaction is introduced into the Hamiltonian. This interaction can cause
changes in the energy level structure of qubits. When the frequency of the classical driving
field and the energy level transition frequency of the qubit satisfy the resonance condition,
the qubit will undergo periodic transitions between the two energy levels. When the
classical driving field acts on the qubit, if the driving field frequency is equal to or very
close to the energy level transition frequency of the qubit, that is, the absolute value of the
difference between the two is small enough, the transition probability of the qubit between
different energy levels will greatly increase [59-65].

After obtaining the Hamiltonian of the system, we can study the performance of
quantum batteries. The impact of driving on the primary battery is what we need to explore.
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For comparison, we choose the same parameters as in Ref. [40], 4 = 0.25, c = 1.
The initial state of a qubit is the superposition of the ground state and excited state. As
discussed in Ref. [40], the particle number inversion parameter g is inversely proportional
to the steady-state energy. A larger value of 4 will reduce the steady-state energy. When g
approaches 0.5, the charging efficiency is very low. At this time, although the steady state is
stable, the energy is extremely low. The influence of parameter g on the steady-state energy
of the battery is explained from both theoretical and practical perspectives. The purity
of a battery has an approximately linear functional relationship with ¢, where the higher
¢, the higher the purity of the battery. When ¢ < 1, the steady-state energy significantly
increases, and the ergotropy is positively affected, but at the cost of a shorter lifetime of
the steady state. A larger c value means a longer lifetime of the steady state, but at the cost
of lower energy and ergotropy. The calculations in this article are very complicated. For
convenience, we use QUTIP [66] to calculate and analyze the data, and all operations are
completed using QUTIP.

Firstly, let us observe the energy storage characteristics of the battery. The following
figure shows our numerical results. Representing the energy of the quantum battery as a
function of the number of interactions.

In Figure 3, we can easily see that the green color in the picture represents the numer-
ical results of not adding the classical driving field, and the purple color represents the
numerical results after adding the classical driving field. It can be clearly observed that the
system can also quickly stabilize after adding the classical driving field.

100 A
(@) — g=0.5f=2.5
40 1 — g=0.5f=0 1.0 1
804
Yoo 0.8
60 o
= 0 100 200 T 06
e} k %
40 1
0.4
20 021
— g=05f=25
— g=05f=0
0 T T T T T 0.0 T T T T T T
0 2000 4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000
k k
(b) 100 -
504 — g=0.9f=2
— g=0.9,f=0 1.0 1
15 4
80 _
~
T 10 A 0.8
5 4
60 -
= 04 T : < 0.6 1
x 0 100 200 X
] X X
40
0.4
20 - 024
— g=0.9,f=2
} — g=0.9,f=0
0 T T T T T T 0.0 T T T T T T
0 2000 4000 6000 8000 10,000 0 2000 4000 6000 8000 10,000
k k

Figure 3. The performance of the micromaser quantum battery. The left panel represents the energy
stored and the right panel represents purity; they are computed for g = 0.25, c = 1, and we intercept
the Hilbert space N = 100. For comparison purposes, (a) g = 0.5 and f = 0, 2.5 in the panel. The
values on the left panel are approximately 42.24 and 17.02 from top to bottom. (b) g = 0.9 and f = 0,2
in the panel. The values on the left panel are approximately 9.95 and 4.90 from top to bottom.



Photonics 2025, 12, 177

8 of 16

As shown in Figure 3, at g = 0.5, the system stabilizes after 100 interactions and re-
mains stable after 10* interactions, and the energy after the battery stabilizes is significantly
higher than before; at g = 0.9, the system remains stable after 25 cycles and remains stable
even after 10* cycles. Although the value of k reaching a steady state increases, it is worth
noting that the energy of the battery significantly increases after stabilization. And we
can observe from the above figure that the final state of the battery is close to a pure state,
indicating that the energy stored in the battery can be almost completely utilized.

This is a good result, but does this characteristic still exist when we take different
driving strength values? This is the question we need to explore. From this, we can
conclude that adding the driving field can to some extent increase the energy storage of
the battery.

Then, we investigate the relationship between driving strength and battery energy.
In the previous text, we only found a good value among many values to improve energy
storage while the battery is basically in a pure state. To further discuss the impact of adding
the driving field on battery charging, we calculated the steady-state energy and ergotropy
of quantum batteries under different driving intensities, as shown in the following figure.

From the graph, we can clearly see the process of the battery’s energy E(k) changing
as the driving strength f increases. When ¢ = 0.5, it can be seen that the energy E(k)
gradually increases with f until f approaches 3.7. When g = 0.9, it can be seen that the
energy E (k) gradually increases with f until f approaches 7.

In Figure 4, we plot the energy of the battery E(k) as a solid purple line and the
extractable energy (ergotropy) (k) as a solid blue line, which clearly shows the variation
in both with the driving strength f. We have found an interesting phenomenon whereby
before the energy stored in the battery reaches its maximum value, the images of energy E (k)
and extractable energy (ergotropy) £g (k) overlap, which means that the energy stored in the
battery can be almost completely used, which is an ideal result. Afterwards, the amount of
energy that can be effectively released from the energy charged into the battery decreases.

g=0.5 g=0.9
100 A 100 A
— Ek) — Ek)
— &k — &k
80 80
> 60 - N 60 -
> I
) [
& &
40 | 40
20 A 20 A
) T 0
0 2 4 6 8 10 0 2 4 6 8 10
f f

Figure 4. We describe the variation in the energy E(k) and ergotropy £ (k) with strength f; the solid
purple line represents E(k) and the solid blue line represents Eg (k).

5. Optical Parametric Amplifier

An optical parametric amplifier (OPA) is an optical device based on the parametric
oscillation effect. It utilizes materials such as nonlinear optical crystals to generate a nonlin-
ear coupling effect between photons, thereby achieving amplification of optical signals. An
OPA can be used to enhance the intensity of laser beams in optical microscopes, thereby
improving the resolution and clarity of images. An OPA has a wider-gain bandwidth and
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higher optical performance, and it can be used to increase the power of signal light in fiber
optic communication, thereby expanding the transmission distance.

Recently, it has been shown that upon including an OPA inside the cavity, interesting
phenomena will occur. An OPA utilizes nonlinear optical effects to amplify the optical
field signal input into the cavity. In quantum batteries, it helps to enhance the intensity of
the light field interacting with qubits, thereby improving energy transfer efficiency. An
OPA can adjust the photon number distribution of the cavity field, thereby optimizing the
energy transfer between qubits and the cavity field, and achieving a more efficient energy
transfer process. From the above description, we can see that an OPA is a great device, and
we are trying to apply it to quantum batteries. In this section, we focus on discussing the
impact of adding an OPA to the cavity of the original system model on battery charging.

If we insert an OPA into the cavity of the original battery model, as shown in Figure 5,
the Hamiltonian of the system can be expressed as

Ho = g(aoy +ato ) +iG(eata’ — e %aa), (13)

where the parameter G represents the nonlinear gain of the OPA, 6 represents the phase of
the field driving the OPA, and the latter term in the above equation represents the coupling
between the cavity and the OPA.

le)

PB H,
Pq
- 0—0—0 —-0—0—

190 5pA pump e [P

Figure 5. A diagram of a micromaser quantum battery operating via an optical parametric amplifier.
We put an OPA in the cavity.

In all the calculations, we truncate the sizes of our Fock space by limiting the bosonic
particles associated with the quantum oscillators to 100. Figure 6 shows the results of the
numerical simulation.

To compare our model with the original system model, as shown in Figure 6a—c, after
multiple numerical calculations, we found an excellent value. We take the coupling strength
g = 0.5, nonlinear gain G = 0.976, and phase 8 = 0 in Figure 6a, and the values on the panel
are approximately 84.53 and 17.02 from top to bottom. The purple solid line represents
the energy of the battery after adding an OPA to the cavity field, and the green solid line
represents the energy of the original system battery. It can be seen from the above figure
that adding an OPA to the cavity field can significantly increase the battery’s energy storage
capacity. The blue solid line in Figure 6b represents the ergotropy £z(k) of the battery, and
the values on the panel are approximately 84.53 and 78.71 from top to bottom. It can be
seen that there is a certain gap between the ergotropy £p(k) and the energy E(k), but it
is still a high value. Figure 6¢ shows the release efficiency of useful energy in quantum
batteries, and it can be calculated that R(k) ~ 93%.
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Figure 6. The left panel represents the energy stored, the middle panel represents the comparison
between the energy stored E(k) and ergotropy £g (k) of the battery, and the right panel represents
the efficiency R(k); they are computed for ¢ = 0.25. We intercept the Hilbert space N = 100.
(a—c) The performance of the micromaser quantum battery when g = 0.5; (d—f) the performance of
the micromaser quantum battery when g = 0.9.

Below, we discuss the case of coupling strength ¢ = 0.9 in Figure 6d—f, with nonlinear
gain G = 0.251 and phase = 0.4457. As shown in Figure 6d—f, we can still see from the
pictures that the battery with an OPA can store more energy than the battery without an
OPA. In Figure 6d, the values on the panel are approximately 59.35 and 4.90 from top to
bottom, in Figure 6e, the values on the panel are approximately 59.35 and 31.30 from top
to bottom. Although the difference between the extractable energy (ergotropy) £z (k) and
energy E(k) is somewhat large at this time, overall, it is still better than the original system.
After calculation, it can be concluded that the energy release efficiency R(k) ~ 52%.

The above analysis only obtained good values from numerous numerical simulations,
proving that adding an OPA can have a good impact on battery charging. Next, we will
analyze how the nonlinear gain G and phase 0 affect the battery.

Figure 7 shows a thermal map of battery energy with different nonlinear gain G and
phase 6 values. It can be seen from the figure that the darker the red color, the greater the
energy E(k), and conversely, the shallower the red color, the smaller the energy E(k). For
the case where the coupling strength ¢ = 0.5, it can be clearly seen that as the nonlinear
gain G approaches 1 and the phase 6 approaches 27, the energy E(k) increases. However,
it can be clearly seen from the graph that when the value of the nonlinear gain G is greater
than 1, the effect is not significant in the range of 0 to 1. However, for a coupling strength
of ¢ = 0.9, as the nonlinear gain G approaches 1 and the phase § approaches 7, the energy
E(k) increases. We can clearly observe that regardless of the coupling strength, g = 0.5 or
g = 0.9, the above graph shows a periodic distribution. In summary, we found that adding
an OPA to the cavity can improve the performance of the battery to a certain extent.
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Figure 7. The thermal map of battery energy E(k) when adding an OPA. The horizontal axis of both
figures is phase 6, the unit is 7r, and the vertical axis is nonlinear gain G. We truncate the Hilbert
space N = 100, and k = 2000. (a) g = 0.5, (b) g = 0.9.

6. Combining Classic Driving Field and OPA

In the previous two sections, we attempted to add a classical driving field and an OPA
to the original system, and found that both can improve the performance of the quantum
battery. This makes us wonder what kind of effect would be produced if we combine the
two methods. In this section, we discuss how to combine the two and explore the impact of
this approach on quantum battery charging.

Classical field driving prepares qubits in specific superposition states or specific phase
states, making them more compatible with the amplified optical field generated by an OPA
in terms of frequency, phase, and coupling strength. It also enhances the transfer of energy
between qubits and cavity fields, and improves the charging speed and energy storage
efficiency of quantum batteries. When the OPA-enhanced light field interacts with qubits in
a suitable state, it can more effectively exchange energy and information, achieving efficient
quantum manipulation and energy transfer.

In Figure 8, we choose the same values as in the previous text, with coupling strength
g = 0.5, nonlinear gain G = 0.976, and phase § = 0. We find that all three methods can
achieve steady state of the quantum battery, which is the result we hope to obtain. And
it can be clearly observed that the combined effect is superior to either method, and the
extractable energy (ergotropy) (k) also has a high value, indicating that the combination
of these two methods will improve the charging effectiveness of the battery.
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Figure 8. Cont.



Photonics 2025, 12, 177

12 of 16

(a)

E(k)

(b) 100 100
— §=0.9,6=0.251,6 = 0.4451,f=2 — g=0.9,6=0.251,6 = 0.4451,f=2
— 9=0.9,6=0,=0nf=2 — 9=0.9,6=0,0 = 0n f=2
50 - — §=0.9,6=0.251,6 = 0.4451,f=0 . — ¢=0.9,6=0.251,6 = 0.445Mf=0
— ¢=0.9,6=0,§=0m,f=0 — ¢=0.9,6=0,6=0m,f=0
60 - 60
3 X~
i o
40 40 1
20 1 20 1 (
0 : . . : : 0 : : : : :
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
k k
Figure 8. Graphs show the battery’s performance when ¢ = 0.5 and g = 0.9. The left panel represents
battery energy E(k), and the right panel represents ergotropy £p (k). The fuchsia solid line represents
the situation of combination, the blue solid line represents the situation where only a classical driving
field exists, the red solid line represents the situation where only an OPA exists, and the green solid
line represents neither of the two. (a) The values on the left panel are approximately 88.97, 84.54,
42.23, and 17.02 from top to bottom, and those on the right panel are approximately 87.86, 78.74,
42.23, and 17.02. (b) The values on the left panel are approximately 63.39, 59.35, 9.95, and 4.90 from
top to bottom, and those on the right panel are approximately 35.65, 31.10, 9.95, and 4.90.

For coupling strength ¢ = 0.9, nonlinear gain G = 0.251, and phase 6 = 0.4457, it also
produces the same effect.

To investigate whether the advantages of this combination method still exist in differ-
ent initial quantum states of the battery, we set g to 0.8 instead of the original 0.25. It is easy
to see from Figure 9 that even if the initial state of the qubit is changed, the advantages of
the combination method still exist.
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Figure 9. Cont.
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Figure 9. We choose g = 0.8, and the other values are the same as in Figure 8. The left panel represents
the energy stored, and the right panel represents the comparison between the energy stored E(k)
and ergotropy £g (k) of the battery. (a) The values on the left panel are approximately 88.50, 28.56,
24.65, and 3.30 from top to bottom, and those on the right panel are approximately 87.36, 28.55, 13.62,
and 3.30. (b) The values on the left panel are approximately 57.52, 54.97, 5.94, and 0.92 from top to
bottom, and those on the right panel are approximately 24.18, 23.65, 5.94, and 0.92.

7. Conclusions

In conclusion, in this research on micromaser quantum battery charging, we have
performed a rigorous and deep analysis and effectively demonstrated a series of key
findings. During the charging process, the use of driving qubits, or the introduction
of an OPA in the cavity, or even the organic combination of these two methods, can
significantly improve the performance of the battery. Moreover, there are clear and distinct
differences in the enhancement effects among these improvement strategies, which can be
fully distinguished.

When we use a controlling field to drive qubits, we can clearly observe, through our
numerical results, that compared to the original energy increase mode, the energy of this
method is slightly improved numerically. It is worth noting that this approach performs
excellently in terms of energy utilization efficiency. This is undoubtedly of great significance
in the context of efficient energy utilization.

When we place OPA crystals in the cavity, a different scene is presented. The energy
has a higher radiation level compared to the original increase, and it can output more
powerful energy. However, this approach is not perfect, and in some cases, its energy
conversion efficiency may decrease, which also highlights a direction for subsequent
optimization research.

When we combine the two methods for charging, we find a good phenomenon
whereby both the stored energy and ergotropy are higher than when using any method
alone. From the perspective of overall battery performance, these newly constructed battery
models demonstrate unparalleled advantages. These new battery models have significant
advantages over the original model in terms of the amount of stored energy, charging
power, and ergotropy.

We have numerically shown that this model can be considered an excellent model of a
quantum battery. Our method retains the characteristic of the original model, maintaining a
steady state, which is a good characteristic in quantum batteries. On this basis, the battery’s
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ability to store and release energy has been improved, making a significant contribution to
the study of quantum batteries.

In summary, we think our results show an explicit and promising model of a quantum
battery, and we firmly believe that the research results of this study are highly valuable
and have successfully demonstrated a clear and promising quantum battery model. This
achievement undoubtedly injects a strong driving force into the continuous progress of
quantum battery technology, laying a solid foundation for its further development in
the future.
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