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Abstract: This work presents a comprehensive study of atom—field interactions by examining how
subtle variations in key parameters affect quantum dynamics. In our investigation, the time-dependent
Stark shift (SS) is systematically varied from low (approximately 0.3) to high (around 3) values. Under
weak Stark modulation, the system closely mirrors the traditional Jaynes-Cummings model, displaying
smooth Rabi oscillations and modest fluctuations in quantum measures such as the Quantum Fisher
Information (QFI), Von Neumann Entropy (VNE), and Negativity (Neg). As the Stark parameter
increases, the atom and field are driven in and out of resonance more abruptly, leading to rapid,
high-amplitude bursts of quantum entanglement (QE) and marked shifts in the Geometric Phase.
The study further explores the role of a small nonzero initial phase ( ¢ = 71/4), which subtly alters
the interference between the atom and field. This additional phase results in slight shifts in the
timing and magnitude of QE peaks when compared with a purely real initial state. Additionally, the
incorporation of detuning and atomic motion introduces off-resonant effects and vibrational sidebands,
respectively. These elements further complicate the energy exchange process and enrich the overall
dynamics. Overall, the results underscore that even slight modifications in external parameters can
lead to significant variations in QE behavior and phase evolution, offering valuable insights for the
fine-tuning of quantum systems in advanced technological applications.

Keywords: Quantum Entanglement (QE); Quantum Fisher Information (QFI); von Neumann entropy
(VNE); The Stark effect (SE); Stark shift (SS); Geometric Phase (GP); Negativity (Neg)

1. Introduction

In recent years, studying atom-field interactions has become a cornerstone of quantum optics and
quantum information science. At the heart of these investigations lies the Jaynes-Cummings model
(JCM) [5-8], which describes the fundamental interaction between a quantized electromagnetic field
and a two-level atom. This model has provided profound insights into the dynamics of light-matter
interaction and paved the way for exploring complex phenomena such as QE and state evolution.
Our work extends this classical framework by incorporating several external perturbations, namely, a
time-dependent SS, detuning, atomic motion, and a nonzero initial phase, to examine their combined
influence on QE. QE is a fundamental phenomenon in quantum mechanics that defies classical intuition.
It describes a scenario in which particles become so intricately connected that the state of each particle
cannot be described independently of the state of the others, regardless of the distance separating them
[9]. This non-classical correlation has been pivotal in demonstrating the failure of local hidden variable
theories, as evidenced by the violation of Bell inequalities [10,11]. Experimental progress has shown
that entangled states can remain robust even in the presence of noise and decoherence, thereby paving
the way for practical applications in quantum computing, secure communication, and teleportation
[12]. The deep insights gained from studying these correlations continue to fuel advancements in
quantum technologies, providing a vital resource for optimizing quantum information processing and
control strategies [13].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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A central aspect of our investigation is the Stark effect, which refers to the shift in atomic energy
levels caused by an external electric field [14,15] Even modest SSs can dynamically modulate the
effective detuning between the atom and the field, thereby altering the strength and nature of their
coupling. These energy shifts play a critical role in shaping the oscillatory behavior of the system,
affecting both the amplitude and frequency of Rabi oscillations [15,16]. In turn, these modulations
have a significant impact on the evolution of QE, as they either enhance or suppress the coupling
responsible for entangled states [27,28]. This sensitivity to external fields has important implications
for quantum control protocols, where precise manipulation of the Stark parameter can be used to
optimize QE generation.

In addition to the Stark effect, atomic motion introduces further complexity into the dynamics.
In practical systems, such as trapped ions or atoms confined within optical cavities, the motional
degrees of freedom are non-negligible and give rise to vibrational sidebands [33-36]. These sidebands
effectively broaden the energy spectrum available to the atom, leading to additional channels for energy
exchange that modify the standard Jaynes—Cummings interactions [38—40] The resulting dynamics
are richer and more complex, as the interplay between vibrational modes and electromagnetic fields
creates new pathways for QE generation and decay. Understanding these motional effects is crucial for
developing robust quantum state engineering techniques and realizing scalable quantum computing
architectures [41-44]. To comprehensively characterize the quantum correlations emerging from these
interactions, our study employs four key QE quantifiers: the QFI, the VNE, Neg, and the Geometric
Phase (GP). The QFI quantifies the sensitivity of a quantum state to small parameter variations, serving
as a crucial indicator of the precision limits in quantum metrology [18-20]. In our system, low values of
the Stark parameter yield nearly sinusoidal QFI oscillations that mirror the smooth dynamics predicted
by the ideal JCM, whereas higher SSs induce rapid, high-amplitude fluctuations indicative of burst-like
QE dynamics.

The VNE, which measures the mixedness of a quantum state, offers a complementary perspective
by quantifying how far a system deviates from a pure state [21,22]. Under conditions of weak Stark
modulation, the VNE remains relatively low, suggesting that the system retains a high degree of purity
and that QE evolves gradually. Conversely, stronger Stark shifts cause the VNE to exhibit large, abrupt
variations as the system rapidly transitions between nearly pure and significantly mixed states. These
fluctuations provide valuable insights into the decoherence processes and the overall stability of the
entangled state. Neg, defined through the partial transposition of the density matrix, offers a direct
and robust measure of bipartite QE [1-4], [30,31] In regimes where the Stark parameter is low, the
Neg peaks are modest, reflecting only weak QE between the atom and the field. However, as the
Stark shift intensifies, the Neg displays pronounced, narrow spikes, corresponding to short-lived
but intense bursts of QE. Such behavior underscores the system’s heightened sensitivity to external
perturbations and highlights the potential for leveraging these dynamics in quantum information
protocols. Finally, the GP provides a unique window into the phase evolution of the quantum state,
capturing the phase contribution arising solely from the path traversed in state space, independent
of dynamical evolution [23-26]. When the Stark shift is minimal, the GP accumulates smoothly over
time, consistent with a gradual evolution of the system. In contrast, strong Stark modulation causes
the GP to change abruptly, sometimes even reversing direction over short time intervals. These rapid
phase shifts indicate complex interference phenomena and are intimately linked to the sudden changes
observed in the other QE measures.

Moreover, the introduction of a nonzero initial phase (¢ = 7r/4) further enriches these dynamics
by altering the interference pattern between the atom and the field [27,28]. This phase factor not only
shifts the timing of QE peaks but also modulates their amplitude. When combined with detuning and
atomic motion, the influence of the initial phase becomes even more pronounced, leading to highly
nontrivial behavior in all four QE quantifiers [15-18,33—40]. The resulting multifaceted interplay is crit-
ical for devising advanced quantum control strategies and for mitigating the effects of environmental
noise on quantum coherence [45-54].
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By systematically varying the Stark parameter from values as low as 0.3 where the system
closely follows the ideal Jaynes—Cummings dynamics to values around 3, our detailed numerical
analysis reveals a sensitive dependence of quantum correlations on external perturbations. The
comprehensive insights obtained from the QFI, VNE, Neg, and Neg deepen our understanding of
atom-field interactions and provide a solid foundation for the precise engineering of entangled states
in practical quantum devices.

In Section 2, we discuss the system’s model in terms of the Hamiltonian. In Section 3, QE
quantifiers are introduced. Section 4 presents the numerical analysis and its relation to previous
research. In Section 5, the experimental realization of the model is addressed. Finally, Section 6
provides the conclusion.

2. Hamiltonian Model

We consider moving three-level atoms entering the cavity at time t = 0 in the superposition
state in the presence of the time-dependent SE. We consider the cascade configuration of moving a
three-level atomic system in the presence of the time-dependent SS. The system considered in this
study comprises a three-level atomic cascade interacting with a single-mode quantized electromagnetic
field. This interaction incorporates the effects of the SE, detuning, and atomic motion. The evolution
of the system is analyzed through key quantum observables such as QFI, VNE, GP, and Neg. The
three-level atom consists of discrete energy levels |1), |2), and |3). The atomic transitions |1) <> |2) and
|2) <> |3) are coupled to the electromagnetic field with coupling strengths g1, and gp3, respectively.
The dynamics of the atom-field interaction are governed by the total Hamiltonian [55-59]:

H= (Hfield + Hatom + Hint + Hstark + Hdetunjng) : 1)

The field Hamiltonian describes the single-mode quantized electromagnetic field:
Hfeld = hwiielaa'a, (2)

where a' and a denote the creation and annihilation operators of the field, and wgeq is the field
frequency.
The atomic Hamiltonian accounts for the internal energy levels of the atom:

Hatom = hwip02 + hi(wip + wo3) o33, 3)

where ¢j; = [i)(j| are atomic transition operators.
The interaction between the atom and the electromagnetic field is described by the Hamiltonian
without RWA [55-59]

Hint = f(t) 1812 (11012 + ﬂ+ffz1) +higo3 (ﬂffza + ﬂ+f732) 1, (4)

where f(t) = 1 — cos(ct) is a modulation factor arising from atomic motion, with ¢ = 7, where

w represents a motion-related parameter, v is the velocity, and L is the interaction length. c is the
parameter of atomic motion. When f(t) = 1, the atomic motion is not present, but when f(t) is not
equal to 1, then atomic motion is present.
The SS introduces a time-dependent term due to the interaction of the electric field with the
atomic dipole moment:
Hspark = ﬁ(EJrE ) ® latom, ()

where f is the SE parameter, I iom is the identity operator on the atomic Hilbert space, and the electric
field operator is:
E=E, (ae_iwﬁeldt + a+eiwﬁeldt), (6)

with Eg being the amplitude of the electric field.
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The detuning terms account for the differences between the atomic transition frequencies and the
field frequency:
Hgetuning = 1612022 + 1230733, @)

where J1, and ;3 are the detuning parameters for the respective transitions.
The field is initialized in a coherent state |«), defined as:

&

) = e Tﬂ;m

), (8)

where: |n): photon number (Fock) states, a: complex amplitude of the field.
The density matrix representation of the coherent state is:

Prield = |a) (], )

normalized such that Tr(pgeq) = 1.
The phase gate modifies each photon state |) by introducing a phase ¢:

D(p) =Y e"|n)(n|. (10)
n=0

After applying the phase gate, the modified coherent state is:
|ag) = P(¢)]a). (11)
The new density matrix becomes:
Prield = |ag)(xgl, (12)

and it is normalized to Tr(pgeq) = 1.
The atom is modeled as a three-level system with states:

), 12, 13). (13)

The atomic operators are defined as: 0;; = [i)(j|, where i,j € {1,2,3}, 013, 071: transitions between |1)
and |2), 023, 03;: transitions between |2) and |3).
The initial atomic state is assumed to be in the ground state:

100
Patom = [1)(1] = [0 0 0O (14)
0 00
The combined atom-field state is represented by the tensor product:
Pjoint = Patom & Pfield, (15)
which becomes a 3d x 3d matrix if pgeq has dimension d.
The joint system evolves according to the unitary operator:
u(t) = e 'Ht, (16)

The time-evolved density matrix is:

Pjoint (£) = U () pjoint (YU (#). (17)
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To isolate the atomic state, trace out the field degrees of freedom:

Patom(t) = Trfielq [pjoint(t>] : (18)

This operation reduces the joint 3d x 3d matrix to a 3 x 3 matrix for the atom.

The joint density matrix of the atom and field system is given by: where: pjoint is the density
matrix of the combined atom-field system, with dimensions (atomSize x matrixSize) x (atomSize x
matrixSize), patom 1S the atomic density matrix of size atomSize x atomSize, pgeq is the field density
matrix of size matrixSize x matrixSize. To isolate the reduced density matrix of the atomic subsystem,
we perform a partial trace over the field degrees of freedom: The partial trace sums over all possible
field states, reducing the joint density matrix to a matrix that only describes the atomic subsystem.

The element of the reduced density matrix patom is computed as:

matrixSize

[Patom]i]' - k—Zl [Pjoint] (k—1)-atomSize+i,(k—1)-atomSize+;”

(19)

where: i,j = 1,2,...,atomSize are indices of the atomic subsystem. k = 1,2, ..., matrixSize runs over
the field degrees of freedom.
For example (Two Levels and Two Photons): If the joint density matrix is:

a11 a1z 413 414
a1 Ay a3 a4
Pjoint = , (20)
31 dzx 433 az4
a41 A4p 043 044

and if matrixSize = 2 and atomSize = 2, then the reduced density matrix is obtained as:

a1 +az3 a1 +4az
Patom = . (21)
a1 +a43 422 + gy
Here, the summation is over the field indices (k = 1, 2).
The reduced density matrix for the atomic subsystem is constructed as:
YkP11k  LkP12k

Patom = | kP21, LkP2k -], (22)

This function iterates over the atomic indices i,j and sums over the field indices k, resulting in
the reduced atomic density matrix. The phase gate modifies the field state by introducing a phase
¢"? to each photon number state |n). This altered field state interacts with the atom through the
interaction Hamiltonian, leading to the coupling between the atom and the modified field, causing the
atomic populations to oscillate differently compared to the unmodified field. The phase ¢ affects the
coherence terms of the atomic state.

3. QE Quantifiers
3.1. QFI

QFI quantifies the amount of information that a quantum state carries about a parameter to be
estimated. It plays a fundamental role in quantum metrology, determining the ultimate precision limit
achievable in parameter estimation tasks. The QFI is linked to the distinguishability of quantum states,
often evaluated using the symmetric logarithmic derivative (SLD) operator [59]. Higher QFI values
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correspond to greater sensitivity in the estimation of parameters QFI measures the sensitivity of the
state to phase changes:

QFI=2Y" |A% (23)

&P

where A; are eigenvalues of j G

3.2. VNE

VNE is a measure of the quantum uncertainty or information content of a quantum state. Defined
as S(p) = —Tr(plnp), where p is the density matrix, VNE quantifies the degree of mixedness of a
quantum state. It is widely used in quantum information theory to study QE and correlations in
composite systems [61]. A pure state has a VNE of zero, while mixed states have positive entropy
values.

3.3. GP

The GP arises when a quantum system undergoes a cyclic evolution, resulting in a phase factor
that depends only on the path taken in the parameter space, not the dynamics. First introduced by
Berry in 1984, this phase is pivotal in understanding various quantum phenomena such as quantum
holonomies and topological effects [62]. The GP is widely used in quantum computing and other
applications, as it is robust against certain types of errors. The GP is:

t
b5 = arg({golge)) — [ (el Hl) at eh)

3.4. Neg

QE is a fundamental resource in quantum information science. One widely used QE measure for
bipartite systems is Neg. This measure is based on the partial transposition criterion for separability,
which was originally introduced by Peres [63] and further developed by Vidal and Werner [64].

Let p be the density matrix of a bipartite quantum system defined on the Hilbert space

H = H,4 ® Hp.

The partial transpose of p with respect to subsystem A, denoted by p4, is defined by its matrix
elements:

(ijlo™ |KI) = (kjlplil),

where {|i)} and {|k)} form an orthonormal basis for H,4, and {|j)} and {|I)} for Hp.
The Neg is then given by
TA _ 1
N(p) _ ||P !l ,

where || - ||; denotes the trace norm defined as
lo™ Iy = Try/(p"4)*pTs.

This measure quantifies the degree to which p’4 fails to be positive semidefinite. A nonzero Neg
indicates the presence of QE in the state p, whereas N(p) = 0 implies that p is separable. Neg is
particularly useful for low-dimensional quantum systems because it is both computationally accessible
and physically insightful. Its simplicity has made it a popular choice in both theoretical investigations
and experimental applications to quantify quantum correlations. The mathematical formulation of Neg
provides a clear and straightforward method for quantifying QE in bipartite systems. By measuring
the deviation from positivity in the partial transpose of a state, Neg serves as an effective indicator of
quantum QE.
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This theoretical framework provides a comprehensive understanding of the dynamics of a three-
level atom interacting with a coherent field, incorporating both static and time-dependent interactions.
The quantities QFI, VNE, GP and Neg are computed during the time evolution, and their behavior
reflects the influence of the phase-modified field on the atom. This describes the mathematical
framework for simulating the interaction of a three-level atom with a phase-modified coherent field.
The model includes the effects of atomic motion and calculates key quantum properties such as VNE,
QFI, GP, and Neg.

Now, the influence of different parameters, ¢, 3, f and J on the evolution of the QFI, VNE, GP
and Neg is presented in the next section.

4. Numerical Results and Discussions

Figure 1:

When ¢ is set to 0 and atomic motion is not considered, the dynamics are predominantly governed
by the time-dependent Stark parameter (). At a low value, around 0.3, the energy shift remains
modest. This results in behavior closely resembling the traditional Jaynes-Cummings model, where
the atom and field exchange energy in smooth, nearly sinusoidal Rabi oscillations. The QE measures
including QFI, VNE, and Neg display only gentle, low-amplitude oscillations. As f increases to
about 1, the SS becomes more pronounced, leading to stronger modulations of the atomic transition
frequency. Consequently, the QE cycles become more distinct, with sharper peaks in Neg and more
marked oscillatory behavior in QFI and VNE. When S reaches approximately 3, the modulation is
so strong that the system is rapidly driven in and out of effective resonance, which produces abrupt,
high-amplitude spikes in these measures. The GP also shows abrupt changes, accumulating more
rapidly and sometimes even reversing over short intervals.
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Figure 1. (Color online) QE dynamics under the time-dependent SE with ¢ = 0 and § = 0, « = 6 (Coherent state
parameter) for QFI, VNE, GP, and Neg at Stark field strengths f = 0.3,1,3. Atomic motion is neglected.

Figure 2:

When ¢ is adjusted to 7r/4 while neglecting atomic motion, the additional initial phase alters the
interference between the atom and field. At g = 0.3, the system still exhibits near-Jaynes-Cummings
behavior, but the timing and amplitude of the QE peaks are modestly shifted compared to the ¢ = 0
scenario. As f increases to about 1, these phase-induced effects become more significant, resulting
in QE bursts that may occur slightly earlier or later, with the peaks in Neg and QFI showing greater
variation. At higher modulation (8 = 3), the interference effect is greatly enhanced; theQE peaks
become both taller and narrower, indicating that the extra phase strongly redistributes the energy
exchange and correlation dynamics.
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Figure 2. Color online) QE dynamics under the time-dependent SE with ¢ = /4 and § = 0,& = 6 (Coherent
state parameter) for QFI, VNE, GP, and Neg at Stark field strengths 8 = 0.3,1, 3. Atomic motion is neglected.

Figure 3:

Introducing a nonzero detuning while keeping ¢ = 0 (and still ignoring atomic motion) shifts
the system off the ideal resonance. For § near 0.3, the off-resonant condition leads to a reduction in
the amplitude of the oscillations in QFI and Neg, while the VNE exhibits only modest fluctuations.
As B increases to 1, the SS can intermittently bring the atom closer to resonance despite the detuning,
resulting in sharper and higher peaks in the QE measures. When f is raised to around 3, the interplay
of a strong Stark modulation with detuning causes rapid, high-amplitude oscillations, where Neg
spikes are very pronounced and both QFI and VNE exhibit abrupt changes. The GP, too, responds
dramatically, increasing steeply during brief resonant episodes.
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Figure 3. (Color online) QE dynamics under the time-dependent SE with ¢ = 0 and 6 = 0.1, « = 6 (Coherent state
parameter) for QFI, VNE, GP, and NeG at Stark field strengths g = 0.3,1,3. Atomic motion is neglected.

Figure 4:

When both detuning and a nonzero initial phase (¢ = 7r/4) are present (without atomic motion),
the system starts from a complex superposition that further modifies the energy exchange dynamics.
At B = 0.3, the system remains largely off-resonance due to detuning, so the oscillations in the QE
measures are moderate, though the extra phase causes slight shifts in their timing. At 8 = 1, the
combined effects of detuning and the phase lead to more pronounced, irregular oscillations the QE
bursts (evidenced by peaks in Neg and QFI) are sharper and occur at different times than in the case
with ¢ = 0. At B = 3, the intense Stark modulation drives rapid transitions in and out of resonance,
resulting in tall, narrow QE peaks and highly volatile behavior in both QFI and VNE, with the GP
accumulating rapidly and showing pronounced reversals.
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Figure 4. (Color online) QE dynamics under the time-dependent SE with ¢ = 0 and 6 = 0.1, « = 6 (Coherent state
parameter) for QFI, VNE, GP, and NeG at Stark field strengths 8 = 0.3,1,3. Atomic motion is neglected.

Figure 5:

When atomic motion is introduced (with ¢ = 0 and no detuning), the system’s dynamics are
enriched by vibrational sidebands that open up additional pathways for energy exchange. At a
low Stark parameter (3 = 3), these sidebands cause gentle modulations in the standard Jaynes—
Cummings oscillations, leading to smooth and moderate fluctuations in QFL, VNE, Neg, and GP. As
increases to around 1, the interplay between the SS and vibrational sidebands produces sharper QE
disentanglement cycles. This is reflected in more pronounced peaks in Neg and faster oscillations
in QFI, while the VNE shows larger swings between near-pure and more mixed states. At high
modulation (8 = 3), the strong Stark effect combined with the vibrational dynamics forces the
system repeatedly into and out of resonance, resulting in rapid, high-amplitude oscillations across all
quantifiers; the GP, in particular, accumulates in large, discrete jumps.
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Figure 5. (Color online) QE dynamics under the time-dependent SE with ¢ = 0 and § = 0, « = 6 (Coherent state
parameter) for QFI, VNE, GP, and Neg at Stark field strengths p = 0.3,1, 3. Atomic motion is present.

Figure 6:

With atomic motion present and an initial phase of ¢ = /4, the dynamics become further
complex. At B = 0.3, the added phase subtly shifts the timing and amplitude of the oscillations
compared to the ¢ = 0 case, although the overall behavior remains relatively smooth. When S
is increased to around 1, the interference introduced by the nonzero phase leads to sharper and
more irregular oscillations in the QE measures. Here, peaks in Neg and QFI are either enhanced or
diminished at different times, while the VNE shows more pronounced transitions, and the GP reacts
with faster, more noticeable shifts. At B = 3, the combination of strong Stark modulation, atomic
motion, and the additional phase creates extremely rapid bursts of QE. In this regime, the timing and
magnitude of the peaks in Neg and QFI are markedly different from those observed with ¢ = 0, and
the GP exhibits steep, abrupt changes.
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Figure 6. (Color online) QE dynamics under the time-dependent SE with ¢ = 77/4 and § = 0,« = 6 (Coherent
state parameter) for QFI, VNE, GP, and Neg at Stark field strengths p = 0.3,1, 3. Atomic motion is present.

Figure 7:

When nonzero detuning is combined with atomic motion while maintaining ¢ = 0, the system
deviates substantially from the standard Jaynes-Cummings behavior. For 8 = 0.3, the detuning and
vibrational sidebands together suppress the excitation exchange, leading to moderate oscillations in
QFI and Neg and only gentle fluctuations in VNE. As f increases to around 1, the SS occasionally
overcomes the off-resonance condition, resulting in stronger and more frequent QE bursts. At § = 3,
the combined influence of detuning, atomic motion, and a strong Stark shift produces rapid, high-
amplitude oscillations: tall, narrow spikes in Neg, significant fluctuations in QFI and VNE, and abrupt,
large variations in the GP.
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Figure 7. (Color online) QE dynamics under the time-dependent SE with ¢ = 0 and 6 = 0.1, « = 6 (Coherent state
parameter) for QFI, VNE, GP, and Neg at Stark field strengths p = 0.3,1, 3. Atomic motion is present.

Figure 8:

Finally, when detuning, atomic motion, and a nonzero initial phase (¢ = 7t/4) are all present,
the system exhibits the most complex dynamics. At 8 = 0.3, the extra phase causes slight temporal
and amplitude shifts in the oscillations of theQE measures compared to the ¢ = 0 case, though the
system remains largely off-resonance. As § increases to around 1, the interplay among detuning,
vibrational sidebands, and the additional phase produces sharper and more pronounced QE bursts,
with significant variations in QFI, VNE, and Neg, and the GP responds with more rapid and complex
phase accumulation. At B = 3, the combined effects lead to extremely rapid and high-amplitude
oscillations, characterized by very tall, narrow peaks in Neg and highly volatile behavior in all other
measures. The GP, in particular, shows steep increments and may even reverse sign within short time
intervals, highlighting the rich interference patterns present in this regime.
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Figure 8. (Color online) QE dynamics under the time-dependent SE with ¢ = /4 and § = 0.1, « = 6 (Coherent
state parameter) for QFI, VNE, GP, and Neg at Stark field strengths p = 0.3,1, 3. Atomic motion is present.

Each figure illustrates how varying B, the initial phase, detuning, and atomic motion reshapes
the QE dynamics in a quantifiable manner, providing a comprehensive view of the sensitive interplay
among these parameters in atom field interactions.

5. Relation with Previous Studies

The findings of this study build upon and extend foundational work in quantum optics and
quantum information science, particularly concerning the modulation of QE and coherence through
the SS and detuning. Previous research has demonstrated that the SE significantly influences quantum
coherence and non-classical correlations in atomic systems. For instance, Kim et al. studied the optical
SS in quantum dots and highlighted its role in tuning excitonic states for entangled photon generation
[65]. Similarly, Kaplan and Alford analyzed the impact of dynamic SS in multi-level atomic systems,
showecasing their utility in precise control of quantum states [66]. Research by Haroche et al. on cavity
quantum electrodynamics further underscored the significance of Stark shifts in enhancing atom-field
interactions and generating non-classical correlations [67]. Additionally, recent studies by Gerrits et al.
demonstrated the practical applications of the optical SS in solid-state quantum photonics, emphasizing
its relevance in generating high-fidelity entangled photons [68]. By incorporating a time-dependent SS
into a three-level atomic system, this study introduces dynamic modulation capabilities that enhance
quantum correlations. The work advances the understanding of how external fields, detuning, and
phase modulation influence quantum properties, providing valuable insights for developing tunable
quantum technologies.

6. Experimental Realization of the Model

Experimental realization of the proposed model could be achieved using a combination of
advanced cavity quantum electrodynamics (QED) setups and precision optical techniques. Recent
developments in ultrafast laser systems provide the capability to implement dynamic Stark shifts in
multi-level atomic systems by applying tailored electric fields [69]. For instance, controlled interactions
between single-mode quantized electromagnetic fields and three-level atoms can be achieved using
high-finesse optical cavities, as demonstrated in the work of Walther et al. [70]. Furthermore, the
use of trapped neutral atoms or ions allows precise control of atomic motion and phase modulation
through optical lattices or radiofrequency fields, as reported by Blatt and Wineland [71]. Coherent
state preparation and manipulation of detuning parameters can be realized using programmable lasers
with high spectral resolution, enabling experimental validation of the time-dependent SE’s influence
on quantum observables such as QE and coherence [72]. Integration of phase gates and controlled
detuning has been explored in quantum photonics platforms, where waveguide-based systems enable
robust phase manipulation, as shown by O’Brien et al [73]. These advancements provide a feasible
pathway for experimentally realizing and verifying the dynamics predicted in the study.
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7. Conclusions

In summary, our investigation demonstrates that even minor adjustments to external parameters
can lead to profound changes in the atom-field interaction. When the SS is minimal, the system behaves
very similarly to the traditional resonant JCM, with smooth, predictable energy exchanges and gentle
oscillations in QE. However, as the Stark parameter increases, the system is driven more forcefully
in and out of resonance, resulting in rapid and pronounced bursts of quantum QE. Furthermore, the
introduction of a small nonzero initial phase, such as ¢ = 71/4, modifies these interactions by altering
the interference pattern between the atom and the field. This additional phase not only shifts the
timing of the QE peaks but also adjusts their amplitude, underscoring the sensitive dependence of
the system’s dynamics on the initial conditions. The presence of detuning and atomic motion further
complicates the picture by introducing off-resonant effects and vibrational sidebands, which add
layers of complexity to the energy exchange and phase evolution. Overall, the study reveals that
the interplay of the Stark shift, initial phase, detuning, and atomic motion is critical in shaping the
quantum behavior of the system. These findings provide important insights into how one can fine-tune
quantum interactions to control QE and coherence, which is vital for advancing quantum technologies.
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