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Abstract
We investigate the dynamical evolution of the global quantum discord (GQD) and the von
Neumann entropy (VNE) of a moving two-, three-, and four two-level atomic system (TLS)
(N = 2, 3, 4). These systems interact with a single-mode Fock and coherent fields in the
cavity under the influence of theStark effect.According to the evolution of theGQDandVNE,
quantum correlations for both the Fock and coherent fields decrease with an increase in the
Stark parameter. Quantum correlations deplete more rapidly in the presence of coherent field
as compared to the Fock field with increasing value of the Stark parameter. The maximum
amount of quantum entanglement that the quantum system can achieve with an increase
in the Stark shift parameter is seen to decrease more quickly in the presence of the Fock
field than it does in the coherent field. Moreover, the large N systems are more prone to
the increasing values of the Stark shift parameter. The GQD increases with the number of
atoms N for both the Fock and the coherent field while the VNE increases only with the Fock
field. Additionally, it has been found that for the larger N atomic systems, atomic motion
has no effect on the period of entanglement oscillations as the number of atoms increases.
Periodic behavior for the GQD and VNE is seen for both the initial mixed and pure states in
the presence of the Stark shift for the Fock and coherent fields, respectively.

Keywords Quantum entanglement (QE) · Global quantum discord (GQD) · Stark effect ·
Von neumann entropy (VNE)

1 Introduction

Quantum entanglement is the most fascinating phenomenon linked to a composite quantum
system. If the combined state of two particles cannot be described as the sum of the states
of their individual subsystems, they are said to be entangled. The first to demonstrate some
nontrivial effects of quantum entanglement on the ontology of quantum theory were Einstein,
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Podolsky, and Rosen [1]. By creating and manipulating these entangled states, one can better
understand quantum phenomena. For tests of quantum nonlocality, for instance, complex
entangled states are employed, such as the Greenberger, Horne, and Zeilinger [2] triplets of
the particles [3]. Beyond these fundamental components, entanglement has developed rapidly
in recent years to become a crucial resource in quantum information processing [4].

The interaction between a TLSwith a one-mode cavity field in quantum optics is described
by the Jaynes-Cummings model, one of the precisely solvable models (JCM) [5]. This model
has been discussed from a different point of view, such as multi-level atoms [6], multi-mode
fields [7] andmulti-atoms interaction [8]. The effect of detuning and time-dependent coupling
and Kerr-like medium on the behavior of quantum properties in the general setting of a TLS
with a single-mode cavity field has been discussed [9]. It has been studied the interaction of a
TLSwith a quantized cavity field and how the atomfield coupling is affected by light intensity
[10]. Both theoretical and experimental physics have extensively studied this model for the
interaction of various three-level atom types with a quantized field. A three-level atom in
motion that interacts with a single-mode field in an optical cavity and an intensity-dependent
coupling regime is studied in Ref. [11].

The Stark effect, awidely researched phenomenon in the field of quantumoptics, is another
notable feature of the interaction of light with matter. Strong and ultra-strong light-matter
interaction patterns can now be observed experimentally thanks to recent developments in
the field of cavity quantum electrodynamics [12]. Numerous methods for plotting the Stark
effect in quantum optical applications have emerged in recent years. To name a few, schemes
have been put forth for using both dc and ac Stark shifts to implement quantum logic gates
and algorithms [13–15], as well as for enhancing photon sources for interferometers [16].
Investigating whether atom-atom entanglement can also be strengthened by the Stark shift is
intriguing as an outcome.

According to widely held belief, quantum entanglement is a special quantum correlation
that allows us to go beyond the limitations of classical computational models [17–19]. Nev-
ertheless, it has recently been demonstrated that there are other quantum correlations that
can be used to achieve a quantum speedup in addition to entanglement; examples include the
deterministic quantum computationwith one qubit, which uses only separable states [20–22].
Quantum discord (QD) is the source that is thought to improve the computational task [23,
24]. The QD takes into account a set of local measurements on one subsystem, an asymmetric
extension of the QD, known as global quantum discord (GQD) [26], has been proposed. This
extension has analytical expressions for some classes of quantum states [27].

Over the past 20 years, there has been a lot of focus on the features of the Jaynes-Cummings
model (JCM) formoving atoms. The experimental advancements in cavityQEDhave sparked
theoretical efforts. In addition to the experimental drive, the atomic motion effect should be
included in the JCM because its dynamics become more fascinating. Handling the JCM
when there is atomic motion, several authors have used numerical calculations and analytic
approximations [28–32]. For cold atoms, the solution in the presence of atomic motion is
significant from both a theoretical and practical standpoint. Recently the effect of Stark and
Kerr-like medium on the quantum entanglement dynamics of moving two three-level atomic
systems is studied [33] and a moving three-level atom in the presence of intensity-dependent
atom and field coupling is studied in Ref. ([34]). Quantum Fisher information of moving TLS
studied in Ref. [35] takes into account the thermal field, intrinsic decoherence, Stark effect,
and Kerr-like medium. Jamal et. al. studied the quantum entanglement dynamics of moving
N-level atomic systems in the presence of the Stark effect and non-linear Kerr medium [36].
In Ref. [37], it is investigated how moving two TLS affects their quantum entanglement and
quantum Fisher information.
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Investigating the quantum entanglement and quantum correlation dynamics of multi-
moving TLS in the presence of the Stark effect interacting with the Fock and coherent field
is the main goal of the paper. We investigate the Stark effect’s effects on the dynamics of the
GQD and VNE for the two, three, and four TLS. The Stark effect is seen to predominate the
time evolution of the GQD and VNE for moving multi-TLS. Both the dynamics of GQD and
the dynamics of the VNE are significantly impacted by the Stark effect.

The paper is structured as follows: in Section 2, we present the model Hamiltonian as
well as the dynamics of the interactions between the Fock and coherent fields of moving two,
three, and four TLS influenced by the Stark effect. The numerical results and discussions are
presented in Section 3. Section 4 is where we wrap up our findings.

2 HamiltonianModel

Since the Tavis-Cummings (TC) model has been extensively studied and is regarded as the
best example of tripartite quantum systems, we take it into consideration. The reference [38]
provides the TC Hamiltonian describing two identical TLS A and B coupled with the single-
mode field C. Under the rotating wave approximation, the total Hamiltonian of the system
made up of N TLS ĤT can be written as

ĤT = ω0

2

N∑

i=1

σ̂ z
i + ωâ†â + g

N∑

i=1

(
âσ̂+

i + â†σ̂−
i

)
, (1)

The cavity field’s annihilation and creation operators are â and â†. The atomic inversion
operator is σ̂ z and g is the coupling constant of the atoms and field. The atomic transition
and field frequencies are, respectively, ω0 and ω, and σ̂+ and σ̂− are the atomic raising and
lowering operators of the atom.

The influence of the Stark shift on a TLS is also an important topic of study [39]. The Stark
shift caused by an electric field is proportional to the photon numbers â†â inside the cavity.
Furthermore, the Stark shift is also proportional to the polarizabilities of the two resonant
states of a TLS. Therefore, we incorporate such shifts as intensity-dependent corrections
�β j â†â to the energy of the system, with β j , is the Stark parameter corresponding to the
state | j〉 of a TLS. The Stark Hamiltonian is, therefore, given as

ĤStark = �

∑

j=0,1

β j â
†â R̂ j j (2)

where the atomic operator R̂ j j is defined as

∑

j=0,1

R̂ j j = | j〉〈 j | (3)

Assuming that the atoms resonantly interact with the single-mode field, and the ground state
|g〉 is coupled with the electric field, the interaction Hamiltonian of the system is, (� = 1)

ĤI = �(t)
N∑

i=1

(
âσ̂+

i + â†σ̂−
i

) +
N∑

i=1

βâ†â|gi 〉〈gi | (4)
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We set �(t) = g sin(pπvt /L) which describes the cavity field shape function. In this case
(4) holds with,

�1(t) =
∫ t

0
�(τ)dτ = 1

η
(1 − cos(ηπvt/L) for η �= 0, (5)

= gt for η = 0. (6)

The atomic motion parameter is η, and v is the speed of the moving atoms. The shape
function with atomic motion, i.e. η �= 0 whereas �(t) = g in the absence of atomic motion,
i.e., η = 0 [40]. Along the z-axis, the atomicmotion is considered. η is related to the permitted
wavelengths of the atoms in the cavity. The term η denotes the number of half wavelengths
of the mode in the cavity. The cavity length in the z-direction is denoted by the symbol L .
The atom moves at a velocity of v = gL /π .

The (5), (6) gives a description of the probability distribution of the atoms inside the
cavity. When the atoms are moving within the cavity, it has variable � as opposed to the
static situation where it is equal to the gt . As the direct result of the field and a mixed state of
N atoms, the entire system is taken into consideration. The initial optimal state of the atomic
system interacting with the field is,

ρ̂ (0) = [(1 − p) |ψ〉〈ψ | + p|g1g2.....gN 〉〈g1g2.....gN |] ⊗ ρ̂E , (7)

Here |ψ〉 = cos (θ) |g1g2.....gN 〉 + sin (θ) |e1e2.....eN 〉 where 0≤ θ ≤ π . With 0 ≤ p ≤ 1,
and ρ̂E denoting the coherent state of the field written as

ρ̂E =
∑

n

pn |n〉〈n| (8)

where
pn = 1 (9)

for the Fock field,

pn = |α|2n e−|α|2n

n!
for the Coherent field and

〈n〉=|α|2 (10)

where n refers to the photons that are present inside the cavity.
For the permitted basis states, it is possible to write {|ψi 〉}

{|ψi 〉} = |g1g2.....gN ,n + N 〉, |e1g2.....gN , n + N − 1〉, ...., |e1e2.....eN , n〉. (11)

where |gi 〉 and |ei 〉 are the ground and excited state of the ith atom.
According to the Markovian approximation, the system’s time evolution is given by [41],

˙̂ρ(t) = −i[Ĥ , ρ̂(t)] − γ

2
[Ĥ , [Ĥ , ρ̂(t)]] (12)

where ρ is the density matrix and γ is the intrinsic decoherence parameter. The formal
solution of (12) is given by,

ρ̂(t) =
∞∑

k=0

(γ t)k

k! M̂k(t)ρ̂(0)M̂k†(t), (13)

with
M̂k(t) = Ĥ k exp(−i Ĥ t) exp(−γ t Ĥ2/2), (14)
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where ρ̂(0) is the initial state of the system. For γ = 0, (13) and (7) in the allowable basis
{|ψi 〈} are used to obtain the final state of the system at time t

ρ̂AF (t) =
N∑

i, j

exp
(−i

(
Ei − E j

)
t
) × 〈ψi |ρ̂(0)|ψ j 〉|ψi 〉〈ψ j |, (15)

where Ei , E j and |ψi 〉, |ψ j 〉 are the densitymatrix’s ρ(0) eigenvalues and eigenvectors. After
taking a trace over the field, the final state of the atomic system is, ρ̂T (t) = TrF

[
ρ̂AF (t)

]
.

To calculate the quantum correlations in our multipartite system we can use the form of
the GQD [42] given below

GQD(ρT ) = min{�k}

⎧
⎨

⎩

N∑

j=1

1∑

l=0

ρ̃ll
j log2 ρ̃ll

j −
2N−1∑

k=0

ρ̃kk
T log2 ρ̃kk

T

⎫
⎬

⎭ +
N∑

j=1

S(ρ j ) − S(ρT ), (16)

where
ρ̃kk
T = 〈k|R̂tρT R̂|k〉 and ρ̃ll

j = 〈l|ρ̂ j |l〉 and �k = R̂|k〉〈k|R̂t , (17)

where |k〉 are the eigenstates of ⊗N
j=1σ̂

z
j and R̂ is the local qubit rotational operator acting

on the jth qubit and expressed as

R̂ = ⊗N
j=1 R̂ j (θ j , φ j ), (18)

with
R̂ j (θ j , φ j ) = cos θ j 1̂ + i sin θ j cosφ j σ̂y + i sin θ j sin φ j σ̂x (19)

In (16)
S(ρ̂ j ) = −Tr [ρ̂ j log2 ρ̂ j ] and S(ρ̂T )= − Tr [ρ̂T log2 ρ̂T ] (20)

are the VNE of the subsystem j and the total system respectively as the VNE can be defined
as [43]

S(ρ) = −Tr(ρ log2 ρ) = −
∑

i

ri ln ri , (21)

where the eigenvalues of the time-evolved atomic density matrix ρT are represented by ri .

3 Results and Discussions

Figure 1 shows the effects of two different fields on the quantifiers for a two TLS for η = 0
and different β values. A comparison is presented between the Fock and coherent field with
the same number and an average number of photons. We have considered the initial mixed
atomic state with p = 0.5 and θ = 3π/4. In the case of the Fock field, the Stark shift
parameter has shown prominent and significant effects on the quantifiers. By increasing the
Stark shift parameter β, both quantifiers decrease with time evolution. Furthermore, the rapid
oscillations of the quantifiers increase, and the time period of oscillations decrease with the
increasing value of β. In the case of the coherent field, collapses and revivals are observed.
The number of revivals increases by increasing the value of β, and on the other hand, the
amplitude of revival andmagnitude of theGQDandVNEdecreasewithβ.Whenwe compare
both fields, it is observed that fields have different effects on GQD and VNE. For the Fock
field, we observe that the maximum values of the magnitude of the GQD have decreased by
an order of magnitude for β = 3 as compared to β = 0.3 with time evolution. The same
is the case of the coherent field, the decrease of GQD is of the same order of magnitude.
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Fig. 1 (color online) For two different field states with n = 49 and |α|2 = 49, the quantifiers’ dynamics
of a two TLS (N=2) are plotted with varying β values. The parameters used throughout the data are η = 0,
θ = 3π/4, p = 0.5. The quantifiers for β = 3 are magnified in the insets

There is a sharp decrease in the GQD maximum value, however, the VNE dynamics remain
unchanged with the change of β. It is found that for the Fock field, the maximum value of
VNE decreases by a factor of 2 for β = 3 as compared to β = 0.3, and for the coherent
field, there is a slight decrease of VNE. This change in the magnitude of the quantifiers in
the presence of the Stark shift suggests that quantum correlations decrease with the increase
of β for both Fock and coherent fields. The system loses quantum correlations more rapidly
in the presence of the coherent field as compared to the Fock field with an increasing value
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Fig. 2 (color online) For two different field states with n = 49 and |α|2 = 49, the quantifiers’ dynamics of
a three TLS (N=3) are plotted with varying β values. The parameters used throughout the data are η = 0,
θ = 3π/4, p = 0.5. The quantifiers for β = 3 are magnified in the insets
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of β. On the other hand, the quantum entanglement(QE) remains almost the same value in
the coherent field when β is increased and drops by a factor of 2 for the case of the Fock
field. Hence, it is seen that in the presence of the Stark shift, the GQD is decreased more for
the coherent field as compared to the Fock field, and the increase of the Stark shift parameter
β suppresses the GQD more in the presence of the coherent field as compared to the Fock
field, and we observed that the Fock field sustains the quantum correlations. The maximum
of QE is decreased more rapidly for the Fock field with an increase of β as compared to the
coherent field.

In Figs. 2 and 3, the effect of β on the quantifiers is presented for Fock and the coherent
field in the case of three (N=3) and four (N=4) TLS, respectively. We have taken the initial
mixed atomic state with p = 0.5 and θ = 3π/4. The quantifiers’ values are increased as
the system gets more TLS. Furthermore, in the case of the Fock field, we have seen rapid
oscillations for all the values of β. The period of these rapid oscillations is also decreased
for the large N atomic system and the higher values of β. In the case of a coherent field, the
GQD and VNE increase for large N systems. However, for the coherent field, for N=3 and
N=4 the revivals remain the same as for N=2. When we increase the value of β from 0.3
to 3 under the influence of the Fock field for N = 3, we observed an order of magnitude
decrease in the value of GQD and the same is true for the coherent field. On the other hand,
for the Fock field, the magnitude of VNE is decreased by half and for the coherent field,
there is a slight decrease. When N = 4 and the field is Fock or coherent, the decrease in the
maximum values of GQD at β = 0.3 to β = 3 is n order of magnitude. The dynamics of
VNE for N = 4 shows that the maximum values of VNE decrease by half for the case of
Fock and no change for coherent field with the increase in β from 0.3 to 3. For our system
composed of N TLS, for large N, the quantifiers are increased in the presence of the Stark
shifted medium. Nonclassical fields have different trends on the quantifiers on their increase.
The increase of GQD and VNE in the Fock field is not linear, and the higher N systems have
a nonlinear increase of GQD and VNE for various values of β. Furthermore, as β increases,
the values of GQD and VNE decrease. For the coherent field, with the increase in N , the
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Fig. 3 (color online) For two different field states with n = 49 and |α|2 = 49, the quantifiers’ dynamics of
a four TLS (N=4) are plotted with varying β values. The parameters used throughout the data are η = 0,
θ = 3π/4, p = 0.5. The quantifiers for β = 3 are magnified in the insets
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GQD increases non-linearly for the different values of the Stark shift parameter β. For the
coherent field, the VNE increases linearly with the increase in N for β = 0.3 and remains
the same with the increase in N for β = 3. Varying β affects the correlations of the N TLS.
The higher N systems are more prone to the increasing values of β and the magnitude of
the GQD is more suppressed as compared to the case of N = 2. In comparison, the system
has increased GQD for the Fock field as compared to the coherent field and the GQD is
slightly more suppressed with the increase of β for the coherent field as compared to the
Fock field. The dynamics of the VNE show that QE decreases with the increase of β and QE
and non-classical correlations are affected in a different way for the Fock and the coherent
field. The GQD increases with the N for both the Fock and the coherent field while the VNE
increases only for the Fock field. In the case of the coherent field, larger values of β do not
favor the system to enhance the QE with the N.

Figure 4 illustrates the GQD and VNE behavior for a moving two TLS (N=2) with the
Stark shift. The Stark shift parameter β is studied with various values to examine the dynamic
behavior. In this case of two TLS (N=2), we have taken the number of photons and the average
number of photons for the Fock and the coherent field as n = 49 and |α|2 = 49 respectively.
The dynamical behavior is studied with the initial mixed atomic state for η = 1, θ = 3π/4,
p = 0.5. For the Fock field, we observe periodic oscillations of the quantifiers for different β
values. The period of oscillations remains the same for all the values of β but the oscillations
get more rapid as we increase the value of β. The amplitude of the oscillation decreases with
the increase of β. For the coherent states, the magnitude of the quantifiers decrease with β.
Furthermore, the collapses and revivals are observed for each value of the β. The amplitude
of the revivals decreases with the increase of β but the number of main revivals per unit
scaled time remains the same for the whole range of β. For β = 1, the collapses are more
sustained as compared to β = 0.3 and β = 3. For β = 3, we observe further revivals along
with the main revivals. These revivals occur in the middle of the main revivals and have a
smaller amplitude as compared to the main revivals that correspond to β = 3. These results
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Fig. 4 (color online) For two different field states with n = 49 and |α|2 = 49, the quantifiers’ dynamics of a
moving two TLS (N=2) are plotted with varying β values. The parameters used throughout the data are η = 1,
θ = 3π/4, p = 0.5. The quantifiers for β = 3 are magnified in the insets
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Fig. 5 (color online) For two different field states with n = 49 and |α|2 = 49, the quantifiers’ dynamics of
a moving three TLS (N=3) are plotted with varying β values. The parameters used throughout the data are
η = 1, θ = 3π/4, p = 0.5. The quantifiers for β = 3 are magnified in the insets

suggest that the QE is sustained and maintained for the system with the atomic motion, for
both the Fock and the coherent field in the presence of the Stark shift.

The dynamical behavior of the moving three (N=3) and four (N=4) TLS for the Fock
and coherent field is shown in Figs. 5 and 6. It is seen that both quantifiers show periodic
oscillations for the Fock field. In the case of the coherent states, both GQD and VNE show
collapses and revivals for all the values of the β. For the three (N=3) and four (N=4) TLS, it
is seen that the magnitude of the GQD and VNE are suppressed by the increase of β and the
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Fig. 6 (color online) For two different field states with n = 49 and |α|2 = 49, the quantifiers’ dynamics of
a moving four TLS (N=4) are plotted with varying β values. The parameters used throughout the data are
η = 1, θ = 3π/4, p = 0.5. The quantifiers for β = 3 are magnified in the insets
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Fig. 7 (color online) The dynamics of the quantifiers for the pure and mixed initial atomic states for the Fock
field with the parameters n = 49, β = 0.3, θ = 0, η = 0

rapid oscillations increase with its increase. The number of periodic oscillations and revivals
for the GQD and VNE, per unit scaled time, remain the same for both Fock and coherent
field. The magnitude of the quantifiers increase by N increase for the Fock states, while
for the coherent state this increase is only prominent for β = 0.3 and β = 1. The atomic
motion does not affect the period of the quantifiers’ oscillations as the number of atoms N is
increased. In the case of the Fock field, the period of oscillation remains the same with the
increase of the β. Furthermore, for the Fock state, with the increase of β, rapid oscillations of
the system increase, and it remain the same for the different number of the atoms N. Atomic
motion has an impact on the coherent field, causing revivals to happen at the same scaled
time for all values of β. With the increase in N, the quantifiers’ magnitude increases. When
compared to the Fock field, the coherent field has decreased GQD and VNE due to atomic
motion. In comparison for both cases of with and without atomic motion, the nonclassical
fields and Stark shift parameter β have some interesting effects on the dynamical behavior
of the GQD and VNE of the system. For the case of the Fock field, atomic motion does not
affect the magnitude of the GQD for different values of β and the number of atoms N. In
this case, the atomic motion changes the shape of the oscillations of the GQD and VNE and
change the period of these oscillations as compared to the case when the atomic motion is
not present. This change of the period of oscillations is different for the different values of
β. The number of revivals per unit scaled time of the GQD and VNE differs depending on
the value of β when compared to the case η. Compared to the case where η = 0, the case
of β = 0.3 results in a higher number of revivals per unit scaled time. In the case of β = 1
and β = 3, the number of revivals per unit scaled time remains unchanged. The oscillations
of the GQD and VNE thus show the sustained behavior of the QE with atomic motion in the
presence of the Stark effect.

The initial atomic state effects on the dynamics of the GQD and VNE for the Fock field
and coherent field is shown in Figs. 7 and 8. The dynamics of GQD and VNE are studied with
the two different initial atomic states corresponding to (p = 0) and (p = 0.5) for θ = 0.
Both the Fock and Coherent fields, Stark shift parameter is fixed at β = 0.3. For the Fock
field, as depicted in Fig. 7, the pure states have marginally higher GQD than the mixed state.
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Fig. 8 (color online) The dynamics of the quantifiers for the pure and mixed initial atomic states for the
coherent field with |α|2 = 49 is shown for the system composed of N TLS with β = 0.3, θ = 0, η = 0

However, in the higher N systems, this discrepancy is diminished and the GQD of both the
initial pure and mixed states is nearly equal. Furthermore, for N=2, the GQD has an almost
equal number of periodic oscillations with the time evolution. For the higher N values, it is
observed that the mixed state shows more periodic oscillations as compared to the pure state.
On the other hand, the initially mixed state shows slightly more VNE as compared to the pure
state for all values of N (number of atoms). The initially mixed state has a non-zero VNE
value showing that the system has sustained the QE. In the scenario of the coherent field, Fig.
(8) illustrates the impact of initial atomic states on the GQD and VNE for the system. GQD
and VNE collapses and revivals are seen for initial mixed and pure states. In comparison to
the initial pure state, the mixed state has slightly more GQD and VNE with time evolution.
Both states have non-zero VNE values, indicating that the QE is present in both pure and
mixed states for all values of N (number of atoms).

4 Conclusions

In the presence of the Stark shift, we investigated the dynamics of the GQD and VNE of
moving 2, 3, and 4 TLS interacting with the Fock and coherent field. It was seen that the
Stark effect affected the quantifiers over time for N TLS. The Stark effect was observed
to play a significant role in the time evolution of the quantum system for the GQD and
VNE. The magnitude of the GQD and VNE changed when the Stark shift was present, and
this suggested that quantum correlations were decreased as β increased for both the Fock
and coherent fields. The system lost quantum correlations more rapidly in the presence of
the coherent field as compared to the Fock field with an increasing value of β. It was seen
that in the presence of the Stark shift, the GQD was decreased more for the coherent field as
compared to the Fock field due to the increase of the Stark shift parameter β, and we observed
that the Fock field sustain the quantum correlations in the system. The maximum value of
the QE was decreased more rapidly for the Fock field with the increase of β as compared
to the coherent field. The quantifiers were increased with the presence Stark shift for large
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N systems. It is important to mention that varying the Stark shift parameter β affected the
correlations of the N TLS. The higher N systems were more prone to increasing values of β

and the magnitude of the GQD was more suppressed as compared to the case of N = 2. In
comparison, the system had increased GQD for the Fock field as compared to the coherent
field and the GQD was rather more suppressed with the increase of β for the coherent field
as compared to the Fock field. The dynamics of the VNE show that the QE decreased with
the increase of β and the QE and non-classical correlations were affected in a different way
for the Fock and the Coherent field. The GQD increased with the number of atoms N for
both the Fock and the coherent field while the VNE increased only for the Fock field. In the
case of the coherent field, larger values of β did not favor the system to increase the QE with
N. The QE was sustained and maintained for the system for both the Fock and the coherent
field in the presence of the Stark shift. It was observed that for the higher N atomic systems,
the atomic motion did not affect the period of oscillations of the system. The oscillations of
the quantifiers showed the sustained behavior of the QE with atomic motion in the presence
of the Stark effect. For initial mixed and pure states, collapses and revivals were observed
for the quantifiers for the different β values for both the Fock and coherent fields. The mixed
state had slightly more GQD and VNE with time evolution as compared to the initial pure
state. Both states had non-zero VNE values describing that QE was present for all values of
N (number of atoms).
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