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Abstract: In this study, we investigated the environmental influences exerted by the rf field on quantum coherence,
quantum fidelity and dynamics in a two-level open system. Our results demonstrate that the rf fieldmodulation enables
the quantum system to maintain a higher degree of coherence with its initial state within a shorter evolution interval,
thereby optimizing evolution speed of the system, suggesting its potential as an additional method for information
encoding in quantum communication. By systematically adjusting the rf field modulation index, we observed a
notable increase in quantum fidelity, which plays a crucial role in improving the accuracy and stability of quantum
computing. Furthermore, the rf field’s environmental influence was found to dynamically alter the quantum speed
limit (QSL), effectively modulating its tightness. These findings highlight the rf field’s capability to optimize the
performance of quantum systems, offering new insights for applications in quantum communication, computing and
sensing.
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1. Introduction
Quantum communication is an advanced technology that leverages quantum bits (qubits) as information carri-

ers. Qubits are physically realized through quantum systems capable of existing in superposition states. However,
in practical quantum communication scenarios, qubits cannot be treated as isolated systems because they inevitably
interact with the external environment. These interactions introduce environmental disturbances, leading to the grad-
ual degradation of quantum coherence, which significantly impacts the parallelism and computational efficiency of
quantum systems. Moreover, various forms of noise can infiltrate the system, causing unintended state transitions or
bit flips and thereby increasing the error rate of quantum computations [1,2]. To enhance the robustness and fault
tolerance of quantum computers, a critical focus in the development of quantum information technology is to address
these challenges [3,4].

In particular, quantum coherence, fidelity and dynamic evolution of quantum systems are three fundamental fac-
tors that profoundly influence the behavior of open quantum systems [1]. The maintenance of quantum coherence
is essential for preserving the superposition and entanglement properties of qubits, which are the cornerstones of
quantum computing and communication [5]. Decoherence, caused by environmental interactions, directly affects
the system’s evolution dynamics [3]. Fidelity measures the accuracy of quantum state preservation or transformation.
High fidelity ensures that the system evolves as intended, minimizing errors and maximizing computational efficiency.
The interplay between coherence and fidelity determines the system’s evolution speed and stability [6]. Understand-
ing these dynamics is crucial for designing strategies to mitigate decoherence and noise, thereby accelerating the
system’s evolution towards the desired state [7]. Therefore, when studying the dynamics of open quantum systems,
it is essential to consider these three factors comprehensively. By analyzing and optimizing coherence preservation,
fidelity enhancement, and evolution dynamics, more effective quantum control strategies can be developed to enhance
the overall performance of quantum systems.

The dynamic evolution of quantum systems over time forms the physical foundation of quantum computing. The
speed of evolution in quantum system dynamics reflects to some extent the information transmission rate of the system.
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The quantum speed limit (QSL) directly defines the maximum speed at which a quantum system can evolve from the
initial state to the target state, and the corresponding shortest time interval is defined as the quantum speed limit time
(τQSL) [8–12]. The quantum speed limit has important application value in quantum communication. For example,
precise control and measurement of the evolution speed of quantum systems can improve the operational accuracy
and stability of quantum bits, enhance the efficiency and security of key distribution, and thus boost the performance
and reliability of quantum computers. By precisely regulating the evolution speed of quantum systems, losses and
errors in information transmission can be reduced and communication distances can be extended. Furthermore, the
evolution speed of the quantum system can be tailored to meet the specific communication requirements of diverse
scenarios and environments.

Recent decades have witnessed many researches on QSL both in closed and open systems [13–29]. In the case
of isolated system dynamics, Mandelstam and Tamm originally established the relationship between the minimum
evolution time τQSL from an initial state to an orthogonal state and the energy-time uncertainty ∆E(t), which is called
the the Mandelstam-Tamm (MT) bound [8], i.e., τQSL = πh̄/2∆E. Margolus and Levitin [9] revisited the problem
and provided a different bound to the speed of evolution in terms of the difference between the average energy ⟨E(t)⟩
and the ground state energy E0, i.e., τQSL = πh̄/2(⟨E(t)⟩ − E0), which is called the Margolus-Levitin(ML) bound.
The generalization of ML bound from the isolated system to the universal time-dependent (non-)Hermitian quantum
system is still under discussion [21,30–35].

In the context of open system dynamics, where energy and/or coherence exchange occurs between the system and
its environment, it is necessary to consider general non-unitary quantum evolution. To date, research on the influence
of the environment on the quantum speed limit has predominantly focused on non-Markovian dynamic processes. In
such cases, it is the non-Markovianity induced by the environment that enhances the evolution speed.

However, when considering aMarkovian system, the role of the environment in thememoryless dynamics remains
an open question. Specifically, how does the environment interact with and influence the system in the absence of
memory effects? Addressing this question is crucial for a comprehensive understanding of quantum dynamics in both
Markovian and non-Markovian regimes.

In quantum systems, rf field interacts with quantum states as an external driving field through electromagnetic
induction coupling, thereby enabling the control of quantum states. By applying appropriate rf field, the energy
uncertainty or the average energy of a quantum system can be increased, which corresponds to themaximum evolution
speed defined by the quantum speed limit (QSL). Consequently, the QSL time can be reduced. For example, under the
influence of a high-intensity rf field, the rabi oscillation frequency increases, accelerating the evolution of quantum
states. Therefore, rf field plays a modulation role in driving quantum systems toward the quantum speed limit. RF
field can also alter the energy level structure of quantum systems, optimizing the transition paths between quantum
states. By tuning the parameters of the rf field, more efficient quantum state evolution can be achieved for further
approaching the QSL. In practical quantum systems, decoherence effects can impact the evolution speed of quantum
states. RF field can suppress decoherence effects through techniques such as dynamical decoupling, allowing the
quantum system to evolve closer to the QSL. In recent years, numerous works have validated the effectiveness of
rf field in modulating the dynamics of quantum systems. For instance, in superconducting qubit systems, rf field is
widely used to achieve rapid quantum state manipulation [36,37]. By optimizing rf pulse sequences, researchers have
successfully realized quantum state evolution approaching the QSL [11,38,39]. In ion-trap quantum computing, rf
field is employed to drive transitions between internal and motional states of ions [40,41]. In solid-state spin systems,
rf field is utilized to manipulate electron spin states [42,43]. In certain quantum systems, such as two-level systems,
driven qubits, nuclear magnetic resonance (NMR) systems, and quantum sensing platforms, the interaction between
the rf field and the quantum system leads to dynamic processes that can be effectively described within the Markovian
approximation. This approximation assumes that the system’s evolution depends solely on its current state, without
memory effects from its past history.

Inspired by these foundational insights, in this work, we employ the widely utilized two-level system as the fun-
damental framework for our investigation [44–48]. The system’s dynamics are governed by a dynamical semigroup,
with its evolution described by a Lindblad master equation [49–51]. The Hamiltonian of the system is driven by
both laser field and rf field, where the laser field facilitates the transition from a lower to a higher energy state by
providing momentum, while the rf field acts as an environmental influence. Our study primarily explores the modula-
tion effects of the rf field—representing environmental interactions—on quantum coherence, quantum fidelity and the
quantum speed limit, demonstrating the beneficial role of environmental influences in enhancing quantum information
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processing. The paper is organized as follows. In Section 2, we present our model and theoretical framework. In
Section 3, we give the numerical results and discussion. In Section 4, we give a brief conclusion.

2. Theoretical Framework
2.1. Modulation of a Driven Two-Level System via a rf Field

Building up a single molecule model with two discrete nondegenerate states, the ground state |g⟩ and the excited
state |e⟩, separated by △E = h̄ω0 (t) (ω0 (t) is the transition frequency). When the Hamiltonian of this two-level
system is driven by laser and rf fields simultaneously. After adopting a rotating wave approximation for the laser field,
the time-dependent Hamiltonian is defined as [52,53]

Ĥ(t) =
1
2

δ(t)σz +
1
2

Ωσx ,
(1)

where δ(t) is defined as a general detuning frquency, δ(t) = δL − Ωr f (t). δL is the static detuning between incident
laser field frequency and inner atomic frequency, δL = ω0 − ωL . ωL is the laser field frequency and ω0 is the
transition frequency. Taking no account of the diffusion spectrum, ω0 is defined as a constant. Ω is the laser Rabi
frequency. Considering the laser field is a continuous field, so Ω = constant. Ωr f (t) is the time-dependent rf field

Rabi frequency and Ωr f (t) = ξωr f cos
(

ωr f t
)
. ξ is the rf field modulation, ωr f is rf field frequency.

The dynamics of the two-level system is ruled by a Markovian master equation,

Lρt = − i
h̄
[Ĥ(t), ρt ] + ∑

k

(
F̂k ρ(t)F̂+

k
− 1

2
{F̂+

k
F̂k , ρ(t)}

)
.

(2)

Eq. (2) is the GKLS (Gorini Kosakowski Lindblad Sudarshan) equation for the evolution of open quantum systems.
Its form was first proposed by Gorini, Kossakowski, and Sudarshan in their 1976 paper [49], and further extended and
formalized by Lindblad in the same year’s work [50]. Here L is defined as the Lindblad operator, ρt is the evolution
density matrix of the system, Ĥ(t) is the Hamiltonian of system, F̂k is the operator of environmental dissipation,

F̂k =
√

Γk

(
0 0
1 0

)
, Γ is the spontaneous emission rate. In a two-level system, k = 1.

The evolution of the density matrix under such a two-level systemHamiltonian is given by the solution of Liouville
equation dρt

dt = Lρt ,

ρ̇ee =
i
2

Ω(ρeg − ρge )− Γρee

ρ̇gg = − i
2

Ω(ρeg − ρge ) + Γρee

ρ̇ge =
i
2

Ω(ρgg − ρee )− iδ(t)ρge −
Γ
2

ρge

ρ̇eg = − i
2

Ω(ρgg − ρee ) + iδ(t)ρeg −
Γ
2

ρeg .
(3)

The evolved density matrix at any time can be obtained from Eq. (3), and the form can be generally represented

by ρt =

(
ρee ρeg

ρge ρgg

)
, where ρee , ρee , ρee and ρee are all time-dependent.

With the introduction of Bloch vectors,

U =
1
2
(ρge + ρeg ), V =

1
2i
(ρge − ρeg ), W =

1
2
(ρee − ρgg )

(U , V and W are simplified forms of U (t), V(t) and W(t)). Eq. (3) can be rewritten as the functions of U ,V ,W
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U̇ = δ(t)V − Γ
2
U

V̇ = −ΩW − δ(t)U − Γ
2
V

Ẇ = ΩV − ΓW − Γ
2

. (4)

2.2. Some Quantum Features of Open Quantum Systems
In an open quantum system, interactions with the surrounding environment are inevitable, resulting in noise and

disturbances that can significantly impact the system’s coherence. These environmental interactions typically cause
a gradual and often irreversible loss of coherence, a phenomenon known as decoherence, which accumulates over
time. A prominent example of this issue arises in the field of quantum computing, where the interaction between
qubits and their environment can lead to the decoherence of quantum states. This decoherence process poses a
fundamental challenge to the feasibility and reliability of quantum computing, as it directly affects the stability and
fidelity of quantum operations. The fidelity of quantum operations, which measures the accuracy of a quantum state or
process compared to its ideal form, is particularly sensitive to decoherence. Moreover, decoherence alters the quantum
dynamics of the system, disrupting phenomena such as quantum superposition and entanglement, which are essential
for quantum information processing. Therefore, understanding and mitigating decoherence, while preserving the
fidelity and quantum dynamics of the system, is crucial for advancing practical quantum technologies.

2.2.1. Quantum Coherence
In quantum information processing, the quantum coherence is one of the key factors for realizing tasks such as

quantum computing and quantum communication. The coherence norm is defined as

C(ρ) = ∑
i ̸=j

|ρij|, (5)

where ρij represents the matrix elements under a specific basis. Quantum coherence enables interference effects
between quantum states, thereby accelerating the evolution of the system. When the system is subjected to environ-
mental noise or decoherence effects, the decay of coherence leads to a slowdown in the evolution speed, consequently
prolonging the time required to reach the target state. By analyzing coherence, optimized control strategies (such as
dynamical decoupling or quantum error correction) can be designed to protect coherence, thus reducing the evolution
time. In quantum control, through the analysis of coherence, more precise control pulses can be designed, thereby
approaching the quantum speed limit [54–57].

2.2.2. Fidelity
The fidelity between the evolved density matrix ρt and the initial density matrix ρ0 is defined as

Fb(ρ0, ρt) = Tr
√√

ρ0ρt
√

ρ0. (6)

Fidelity provides a standardized method for measuring the similarity between a quantum state and its target state,
thereby offering a quantitative basis for calculating the quantum speed limit. By studying the variation of fidelity over
time, one can derive the minimum time required for the evolution of a quantum state [58–62]. In practical quantum
systems, environmental noise and decoherence effects cause the quantum state to deviate from the ideal evolution path.
The changes in fidelity directly reflect the impact of these disturbances on the system’s evolution, thereby providing
critical information for the study of quantum speed limits. By analyzing the relationship between fidelity and speed
limits, more efficient quantum control strategies can be designed to reduce evolution time and enhance the robustness
of the system. Fidelity is a physically measurable quantity. By experimentally determining fidelity, it is possible to
indirectly validate theoretical predictions of the quantum speed limit, thus offering guidance for experimental design.
In quantum computing and quantum communication, fidelity is a key parameter for evaluating the quality of quantum
gate operations and quantum state transmission.
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2.2.3. Quantum Speed Limit
To derive the Quantum Speed Limit (QSL) for a quantum system evolving from the initial state ρ0 to the final state

ρt, it is essential to select an appropriate metric, such as fidelity, to quantify the distance between these two states.
Using a specific metric L ≡ L(ρ0, ρt), we can construct the geodesic line connecting ρ0 and ρt. This geodesic
represents the shortest possible path between the two states in the given metric space. The QSL is generally defined
as the lower bound of the evolution time τQSL, which can be derived based on an integral inequality related to the
system’s dynamics and the chosen metric [11,32,63].∣∣∣∣∫ τ

0
L̇dt

∣∣∣∣ ≤ ∫ τ

0

∣∣L̇∣∣dt, (7)

which gives

τ ≥ τQSL =

∣∣∫ τ
0 L̇dt

∣∣
1
τ

∫ τ
0

∣∣L̇∣∣dt
, (8)

where ℓ =
∫ τ

0

∣∣L̇∣∣dt is defined as the length of the evolution path. vQSL =
∣∣L̇∣∣ ≡ ∣∣∣ dL

dt

∣∣∣ is employed to define the
maximum evolution speed. Researches have shown that the changing rate of geodesic is closely related to both the
energy distribution of the system and the changing rate of the geometric path traversed by a quantum state during its
evolution in Hilbert space [32,33,35]. This approach establishes a fundamental limit on the minimum time required
for a quantum system to transition between two states, providing critical insights into the dynamics and efficiency of
quantum processes.

In this work, we choose the Fubini-Study metric to define the length of geodesic as L = arcos
[
Tr
√

ρ(0)ρ(t)
]
.

Previous work has verified that under such a metric, the maximum evolution speed in open system can be calculated
as [11,32]

vQSL = ||Lρt || =
√

Tr(Lρt )
2. (9)

From Eq. (3) and Eq. (9), the relationship between vQSL and the quantum coherence can also be established.

3. Numerical Results and Discussion
Figure 1 shows line shapes of the coherence norm C(ρ) as functions of the scaled evolution time Γt. When ξ = 0

(denoted in sold red line), the coherence norm C(ρ) tends to a stable value after a prolonged scaled evolution time Γt.
This behavior can be attributed to the laser field’s ability to induce electronic transitions in the two-level system. As
the evolution time increases, the system gradually approaches a stable quantum state distribution under the influence
of the laser field, causing the coherence norm C(ρ) to stabilize at a constant value. When both the rf field and the
laser field are applied to a quantum system, intricate and multifaceted coupling effects can emerge. The key role of the
laser field lies in driving quantum transitions within a two-level system, thereby facilitating the formation of coherent
superposition states. The introduction of a rf field modulates the interaction between the laser field and the system.
As shown in Figure 1, the periodic oscillation of the rf field occurs on a short time scale, and the rf field can induce
transitions between two energy levels in the quantum system, leading to periodic evolution of the quantum state.
Therefore, it causes coherence oscillations in quantum systems in a short period of time. However, by optimizing
design, such as dynamic decoupling, coherence enhancement can be achieved over a long time scale [64–66].

The manuscript explores the quantum speed limit (QSL) by examining the dynamic behavior of quantum systems
over short time intervals. As illustrated in Figure 1, enhancing ξ enables the quantum system to maintain a higher
degree of coherence with its initial state within a shorter evolution interval, which means the evolution speed of the
system has also been optimized, thereby increasing the quantum speed limit. The improvement of quantum speed limit
thus not only increases computational throughput and communication efficiency but also strengthens the resilience
of quantum systems against noise and errors, paving the way for more practical and scalable quantum technologies.
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Figure 1. Line shapes of the coherence norm C(ρ) = ∑i ̸=j |ρij| (ρij is the matrix elements under a
specific basis) as functions of the scaled evolution time Γt. Parameters used include, Ω = Γ, ωr f = 0.5Γ,
δL = 0 and Γ = 20 MHz. ξ = 0(denoted in sold red line), ξ = 2(denoted in the ‘+’ marked cyan line),
ξ = 4(denoted in the ‘◦’ marked yellow line) and ξ = 6(denoted in dashed green line). The ground state
is chosen as the initial state W(0) = −1/2.

The fidelity between the evolved density matrix ρt and the initial density matrix ρ0 is defined as Fb(ρ0, ρt) in
Eq. (6) with ρ0 being a diagonal matrix at W(0) = −1/2. Figure 2 shows line shapes of the fidelity Fb as functions
of the scaled evolution time Γt. When the rf modulation index ξ = 0, the fidelity Fb exhibits a gradual decline from its
initial value Fb(ρ0, ρ0) = 1, ultimately converging to a stable value over the course of time evolution. This stabiliza-
tion of quantum fidelity is likely attributed to several factors: the system achieving a steady state, the establishment
of an equilibrium in the interaction between the laser field and the system, and the progressive diminishment of the
impact of decoherence.
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Figure 2. Line shapes of the fidelity Fb as functions of the scaled evolution time Γt. Parameters used
include, Ω = Γ, ωr f = 0.5Γ, δL = 0 and Γ = 20 MHz. ξ = 0(the solid blue line), ξ = 4(the ‘×’
marked red line) and ξ = 8(the ‘◦’ marked green line). The ground state is chosen as the initial state
W(0) = −1/2.

When the rf field is introduced into the system, it induces changes on the fidelity Fb of quantum systems(the line
shapes of the ‘×’ marked red line and the ‘◦’ marked green line in Figure 2). As the intensity of the rf field varies
periodically, this variation can lead to changes in the transition probability and energy level occupation of particles
in the quantum system, causing the quantum fidelity oscillating with time. As the rf modulation index increases, the
strength of its interaction with the quantum system also increases. The rf field can more effectively couple differ-
ent energy levels and facilitate the transition of particles between these energy levels. This enhanced coupling can
improve the precision of of quantum states manipulation, thereby increasing quantum fidelity. Improving the fidelity
of quantum system is of great significance in quantum information research, and it can enhance the accuracy and
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stability of quantum computing, reduce computational errors, and improve the reliability and range of quantum infor-
mation transmission.

In the following, we demonstrate the rf modulation index of ξ on the evolution speed of quantum systems. Taking
Figure 3 as an instance, the feasible time τξ at which the evolved state ρ(τξ) arrives at the largest distance Lmax from
the initial state ρ(0) for the first time, depends on the rf modulation index ξ. In the following, our discussions will be
conducted within the time range of 0 to τξ where τξ is determined by Lmax under parameter ξ.
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Figure 3. The length of geodesic L as functions of the scaled evolution time Γt under varied rf field
modulation index ξ. Parameters used include, Ω = Γ, ωr f = 0.5Γ, δL = 0 and Γ = 20 MHz. ξ = 0(the
solid blue line), ξ = 4(the ‘×’ marked red line) and ξ = 8(the ‘◦’ marked green line). The ground state
is chosen as the initial state W(0) = −1/2.

In Figure 4a, we discussed the geodesic length L as functions of Γt under varied rf field modulation index ξ. The
time τξ that required to reach the largest distance Lmax from the initial state ρ(0) decreases with increasing rf field
modulation index ξ. In Figure 4b, we find that increasing ξ can also obtain higher vQSL at τξ . Figure 4c shows the
ratio of the quantum speed limits time τQSL to the actual evolution time τ, τQSL/τ, which also can be defined as
the tightness of quantum speed limits. As shown in Figure 4c, the tightness decreases with the scaled evolution time,
which means higher potential for speeding up a quantum system increases.
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Figure 4. (a) The length of the geodesic L as functions of Γt under varied rf field modulation index ξ. Γt
ranges from 0 to τξ . τξ is determined by the the first time forL reaches the maximum valueLmax. (b) The
maximum evolution speed vQSL as functions of Γt under varied rf field modulation index ξ. (c) τQSL/τ

as functions of Γt under varied rf field modulation index ξ. Parameters used include, Ω = Γ, ωr f = 0.5Γ,
δL = 0 and Γ = 20 MHz. ξ = 0(the solid blue line), ξ = 4(the ‘×’ marked red line) and ξ = 8(the ‘◦’
marked green line). The ground state is chosen as the initial state W(0) = −1/2.
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Figure 5 illustrates the variation of τQSL/τ as function of the rf modulation index ξ. We selected the τQSL/τ

corresponding to τξ under each value of ξ. The result shows that the rf field can not only modulate the tightness the
quantum speed limit bound at specific index ξ (ξ ≃ 3.4 in Figure 5), which can be attributed to the collective influence
of various factors, including quantum geometric effects, resonance effects, and quantum phase transitions, but also
reduce the tightness within the entire range of ξ, which is consistent with the conclusion in Figure 4b, meaning an
increase of evolution speed vQSL. The tightness of the quantum speed limit can significantly influence the response
speed and measurement accuracy of quantum sensors.

Figure 5. The τQSL/τ as function of the rf modulation index ξ. Parameters used include, Ω = Γ,
ωr f = 0.5Γ, δL = 0 and Γ = 20 MHz. The ground state is chosen as the initial state W(0) = −1/2.

We also discuss the maximum fidelity when the length of the geodesic reaches the largest Lmax for the first time
at τξ under different ξ. The results are shown in Figure 6.

Figure 6. The fidelity Fb between the evolved density matrix ρτξ
and the initial density matrix ρ0 as

function of the rf modulation index ξ. Parameters used include, Ω = Γ, ωr f = 0.5Γ, δL = 0 and
Γ = 20 MHz. The ground state is chosen as the initial state W(0) = −1/2.

Figure 6 illustrates the maximum fidelity Fb between the evolved density matrix ρτξ and the initial density matrix
ρ0 as function of the rf modulation index ξ. As shown in the figure, we observe that the rf modulation ξ can effectively
modulate the maximum fidelity Fb. Moreover, as the rf modulation ξ increases, the maximum fidelity Fb generally
increases. By increasing ξ, the anti-interference ability of quantum communication systems can be improved, enabling
more stable transmission of quantum signals under adverse conditions such as environmental noise and interference,
thereby reducing the likelihood of communication errors and interruptions.
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4. Conclusion
In this work, we investigated the quantum coherence, fidelity and quantum speed limits in a two-level open system

in a two-level open system driven simultaneously by a laser field and a rf field or excited solely by a laser field. Com-
pared to the case where quantum coherence tends to stabilize under the sole driving of the laser field, the combined
action of the laser and rf fields results in periodic oscillations in coherence. In quantum communication, modulating
the quantum coherence through the rf field modulation can serve as an additional method for information encoding,
thereby improving the efficiency and security of quantum communication.

We studied the fidelity between the evolved density matrix and the initial density matrix. Under the sole driving
of the laser field, fidelity decreases from its initial value and eventually stabilizes over time. However, when the rf
field is introduced into the system, quantum fidelity oscillates over time and increases with the rf modulation index.
Improving the fidelity of quantum system is of great significance to quantum information research, as it can improve
the accuracy and stability of quantum computing, reduce calculation errors, improve the reliability of quantum infor-
mation transmission and expand the transmission range.

We also investigated the quantum speed limits in the two-level open system. Our work begins with the evolu-
tion starting from the ground initial state. We observed that the environmental influence, characterized by rf field
modulation index, can increase the potential for enhancing the evolution speed of quantum system and modulate the
tightness of the quantum speed limit. In quantum information, this property can serve as an indicator for evaluating
the efficiency of different quantum computing schemes, achieving faster communication speed and higher security,
while also influencing the response speed and measurement accuracy of quantum sensors.

Furthermore, many intriguing results remain to be explored in depth. For instance, the quantum dynamical
behavior under different combinations of field strengths, the characteristics of quantum speed limits in more com-
plex environments, and the practical application potential of these findings in quantum technologies. These studies
will provide new theoretical support and experimental guidance for the advancement of quantum information science.
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