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A B S T R A C T

In this paper, we explore the optical tomography and quantum coherence dynamics for a coherent cavity
field interacting with a two-level atom via intensity dependent coupling. We derive a specific solution to the
master equation for the Jaynes–Cummings model, considering cavity damping. This solution reveals how the
atom coherent-cavity interactions can produce new coherent states when the initial dissipative cavity-field
state is coherent state or even coherent state. The effects of the atom-coherent-cavity interactions and the
cavity damping, on the dynamics of the initial coherent state optical tomography and coherence is examined.
In addition to the nonclassical properties, the atom-cavity interactions have a remarkable capacity to form
distinct cavity field states linked to certain optical tomography distributions. Additionally, we investigate the
maximal optical tomography dynamics for coherent state and even coherent state considering a range of cavity
damping and detuning values.
Introduction

The optical tomography is a powerful tool for estimating the quan-
tum state properties. It is directly dependent on the quantum state
density matrix. To encode quantum information, several approaches for
reconstructing optical tomography based on Wigner quasiprobability
distribution [1] (which in turn is related monotonically to the coherent
field state density operator and their probability distributions [2]) and
homodyne detection of optical quadratures (which also is related mono-
tonically to the homodyne detector) [3–6] are introduced. Quantum
tomography of a homodyne detector and a pulsed homodyne detection
with poor detection efficiency has been achieved experimentally [7,8].

Based on a appropriate measurement set, the quantum state to-
mography (QST) can determine an unknown quantum state [9] and
extracts all possible quantum state information contained in the density
operator. QST is of great importance for quantum information [10]. The
optical tomography has been used to protect several quantum phenom-
ena [11–13] as: phase space non-classicality, nonclassical correlations,
and coherence. Optical tomography has been investigated over a wide
range of quantum states resulting from many real systems. The optical
homodyne tomography of time-evolved states inside a single-mode
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field including a Kerr medium was specifically examined for coherent
states, m-photon-added coherent states, and even and odd coherent
states [14]. Optical tomography has been expanded to investigate
excited coherent states associated with deformed oscillators using the
homodyne deformed quadrature operators [15]. In addition, neural-
network quantum state tomography has been successfully implemented
in a two-qubit experiment [16]. Furthermore, optical tomography re-
search includes the examination of time-dependent dissipative coherent
states that occur due to the evolution of dissipative coherent fields
interacting with a qubit, including even and odd-coherent fields [17].

Producing coherent cavity field states through interactions with a
two-level atomic system can be realized by using various quantum
physical models, such as the Jaynes–Cummings (JC) model [18] and
the Tavis–Cummings model [19]. JC-Model is extended to describe
dissipative atom-cavity interactions in open quantum systems [20,
21] such as trapped ions [22–24] and superconducting-quantum cir-
cuits [25–27]. The quantum states created by atom–atom and atom-
cavity interactions have been employed to realize various quantum
phenomena [28–30]. Tavassoly and his group constructed the JCM and
TCM for various physical systems, taking into account the influence
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of coherence and the environment on the quantum properties of the
proposed models [31–34].

In open system, dissipation and decoherence emerge due to the
irreversible coupling of the system to the surrounding environment that
eventually affect nonclassical effects such as quantum correlations and
coherence. Therefore, the effects of dissipation and decoherence have
been investigated in open quantum systems [35–41]. The investigations
of the dissipation and decoherence effects on the optical homodyne
tomography of generated states due to zero-temperature master equa-
tion are limited. Previous studies have analyzed decoherence effects
on optical homodyne tomography for a phase damping model with
initial coherent states [14,17]. Furthermore, the dynamics of optical
homodyne tomography have been analyzed by exploring intrinsic deco-
herence effects involving two-photon interactions with qubit-resonator
interactions [42].

The motivations behind this work are: Firstly, the precise dynamics
of open atom-field systems remain an unsolved problem with crucial
consequences for identifying the stable state of different quantum phe-
nomena. Notably, optical tomography and quantum coherence research
into non-classicality are critical in the context of dissipative qubit-
cavity interactions. Despite their importance, there are a relatively
limited number of studies that address optical tomography of coher-
ent field states without accounting for dissipation effects. Secondly,
existing quantum tomography experimental investigations, such as ho-
modyne detectors and pulsed homodyne detection, are constrained
by poor detection efficiency. We present an analytical description
of the interaction of a dissipative cavity field and a two-level atom
under off-resonant conditions with intensity-dependent coupling in this
study. Our goal is to explore the non-classicality’optical tomography
and quantum coherence of the coherent field states that are pro-
duced by this interaction utilizing the optical tomography. Therefore,
we examine the nonclassical features of optical tomography using a
homodyne detector (attributed to intensity-dependent atom-field inter-
actions). This investigation is dependent on the von-Neumann entropy
coherence of the cavity field at distinct time points, which correspond
to partial and maximum photon-field mixedness.

The physical model and its solution is presented in Section ‘‘Physical
model and its solution’’. In Section ‘‘Optical tomography’’ the definition
of the optical tomography is introduced. While the optical tomography
distributions of the generated coherent field states are introduced in
Section ‘‘Optical tomography dynamics’’. Finally, our conclusion is
addressed in Section ‘‘Conclusions’’.

Physical model and its solution

In order to investigate the optical tomography dynamics of the
generated dissipative coherent cavity field due to its interaction with
a two-level atomic system, we use the following master equation,
𝑑𝜌̂(𝑡)
𝑑𝑡

= −𝑖[𝐻̂, 𝜌̂(𝑡)] + 𝛾([𝑎𝜌̂(𝑡), 𝑎̂†] + [𝑎̂, 𝜌̂(𝑡)𝑎̂†]), (1)

where 𝛾 is the dissipative cavity field damping rate. Here, we consider
a cavity field (that filled by coherent field/ two-superposed-opposite-
coherent fields |±𝛼⟩) interacting with a two-level atom, nonlinearly, via
intensity-dependent coupling [43]. Therefore, the atom-cavity Hamil-
tonian is given by: 𝐻̂ = 𝜔◦

2 [|1⟩⟨1| − |0⟩⟨0|] + 𝜔𝑎̂†𝑎̂ + 𝜆[𝑎̂
√

𝑎̂†𝑎̂|1⟩⟨0| +
𝑎̂†𝑎̂ 𝑎̂†|0⟩⟨1|], where 𝜔 represents the frequency of the cavity field

having the annihilation 𝑎̂ and the creation 𝑎̂† operators. 𝜔◦ designs
the atomic frequency between its excited |1⟩ and ground |0⟩ states.
The atom-cavity detuning is identified by 𝐷 = (𝜔◦ − 𝜔)∕2. 𝜆 is the
atom-field interaction coupling. The intensity-dependent coupling can
be realized by different superconducting circuits [44–46] as well as
trapped-ion interactions [22]. The intensity dependent nanomechanical
resonator is described by the annihilation operator 𝑎̂

√

𝑎̂†𝑎̂ [44] and by
the annihilation operator of the deformed field mode’s nanomechanical
resonator 𝑎̂𝑓 (𝑎̂†𝑎̂). [45]. While in [46], the nonlinearity in atom-field
2

coupling has been realized by the 𝑘-photon-mediated coupling between
the charge qubit and the microwave field.

Here, using the dressed state representation (DSR) technique, an
analytical expression of Eq. (1) can be derived. considering the high−𝑄
cavity (𝛾 ≪ 𝜆) regime [36]. In atom-field state subspace spanned by
|𝜛1⟩ = |1, 𝑛⟩(𝑛 = 0, 1, 2,…) and |𝜛2⟩ = |0, 𝑛 + 1⟩, the atom-cavity

amiltonian dressed states are:

𝑆±
𝑛 ⟩ = 𝑋±

𝑛 |𝜛1⟩ ±𝑋∓
𝑛 |𝜛2⟩, 𝑋

±
𝑛 = 1

√

2

√

1 ± 𝐷
𝜂𝑛
, 𝜂𝑛 =

√

𝐷2 + 𝜆2(𝑛 + 1)2

(2)

According to the eigenvalue equations, 𝐻|𝑆±
𝑛 ⟩ = 𝐸±

𝑛 |𝑆
±
𝑛 ⟩ and 𝐻|0, 0⟩ =

𝜔◦
2 |0, 0⟩, the eigenvalues of the atom-cavity Hamiltonian are given

y: 𝐸±
𝑛 = 𝜇𝑛 ± 𝜂𝑛, 𝜇𝑛 = 𝜔(𝑛 + 1

2 ) In the DSR method, the cavity
field operators, 𝑎̂ and 𝑎̂†𝑎̂ operators,need to be expressed in function
f the dressed state operators. We use then the canonical represen-
ation: 𝑅(𝑡) = 𝑒𝑖𝐻̂𝑡𝜌̂(𝑡)𝑒−𝑖𝐻̂𝑡 and neglecting the oscillatory terms [36].
herefore, Eq. (1) for 𝑅(𝑡) is given by:
̇ (𝑡) = 2𝛾

∑

𝑛=1
{𝑊 +2

𝑛 𝑌 ++ +𝑊 −2
𝑛 𝑌 −− + 𝐺+2

𝑛 𝑌 +− + 𝐺−2
𝑛 𝑌 −+}

−𝛾
∑

𝑛=0
{[𝑍̂+ + 𝑍̂−]𝑅(𝑡) + 𝑅(𝑡)[𝑍̂+ + 𝑍̂−]}, (3)

with 𝑌 ±± = |𝑆±
𝑛−1⟩⟨𝑆

±
𝑛 |𝑅(𝑡)|𝑆

±
𝑛 ⟩⟨𝑆

±
𝑛−1|, 𝑍̂

± = 𝑉 ∓
𝑛 |𝑆±

𝑛 ⟩⟨𝑆
±
𝑛 |, 𝑉 ∓

𝑛 = [𝑛 +
(𝑋∓

𝑛 )
2], and

𝑊 ±
𝑛 =

√

𝑛𝑋±
𝑛−1𝑋

±
𝑛 +

√

𝑛 + 1𝑋∓
𝑛−1𝑋

∓
𝑛 , (4)

𝐺±
𝑛 =

√

𝑛𝑋±
𝑛−1𝑋

∓
𝑛 −

√

𝑛 + 1𝑋∓
𝑛−1𝑋

±
𝑛 . (5)

The off-diagonal elements 𝑅±±
𝑚𝑛 (𝑡) = ⟨𝑆±

𝑚 |𝑅(𝑡)|𝑆
±
𝑛 ⟩ of the matrix 𝑅(𝑡) are:

±±
𝑚𝑛 (𝑡) = exp[−𝛾(𝑚 + 𝑛 +𝛷∓2

𝑚 +𝛷∓2
𝑛 )]𝑅±±

𝑚𝑛 (0), ∀ 𝑚 ≠ 𝑛. (6)

But, the diagonal elements of the atom-cavity matrix 𝑅(𝑡), 𝑅±
𝑛 (𝑡) =

⟨𝑆±
𝑛 |𝑅(𝑡)|𝑆

±
𝑛 ⟩, are verifying:

𝑅̇±
𝑛 (𝑡) = 2𝛾𝐻±2

𝑛+1𝑅
±
𝑛+1(𝑡) + 2𝛾𝐺±2

𝑛+1𝑅
∓
𝑛+1(𝑡) − 2𝛾𝑉 ∓

𝑛 𝑅
±
𝑛 (𝑡), (7)

ith a solution in the form

±
𝑛 (𝑡) = 𝑒−2𝛾𝑉

∓
𝑛 𝑡𝑅±

𝑛 (0) + 2𝛾 ∫

𝑡

0
𝑒2𝛾𝑉

∓
𝑛 𝜏 (𝐻±2

𝑛+1𝑅
±
𝑛+1(𝜏) + 𝐺

±2
𝑛+1𝑅

∓
𝑛+1(𝜏))𝑑𝜏. (8)

ere, the condition of the upper limit of the number of photons initially
n the system is considered [36].

To investigate the optical tomography dynamics of the generated
issipative coherent cavity field due to atom-cavity interactions, we fo-
us on the case where the atom starts with the excited state, i.e., 𝜌̂𝐴(0) =
1⟩⟨1|. While the cavity is initially filled by a coherent field or an even
oherent field, i.e., 𝜌̂𝐹 (0) = |𝜑⟩⟨𝜑|,

𝜑⟩ =
∞
∑

𝑛=0
𝑃𝑛|𝑛⟩ =

∞
∑

𝑛=0

[ 𝛼
𝑛

√

𝑛!
+ 𝑟 (−𝛼)

𝑛
√

𝑛!
]

√

[1 + 𝑟2 + 2𝑟 exp(−2|𝛼|2)]
𝑒−

|𝛼|2
2
|𝑛⟩, (9)

The |𝜑⟩-state is reduced to the coherent state if 𝑟 = 0, and the even
coherent state when 𝑟 = 1. By using Eqs. (6), (8), (9), the density
matrix 𝜌(𝑡) of the time-dependent atom-cavity state expression can be
expressed as

̂(𝑡) =
∑

𝑚,𝑛=0
[𝜌11𝑚,𝑛|𝜛1⟩⟨𝜛1|+ 𝜌10𝑚,𝑛|𝜛1⟩⟨𝜛2| + 𝜌01𝑚,𝑛|𝜛2⟩⟨𝜛1|+ 𝜌00𝑚,𝑛|𝜛2⟩⟨𝜛2|],

(10)

where, with 𝑅̃±∓
𝑚𝑛 (𝑡) = 𝑒−𝑖(𝐸

±
𝑚−𝐸

∓
𝑛 )𝑡𝑅±∓

𝑚𝑛 (𝑡), the elements 𝜌𝑗𝑘𝑚,𝑛(𝑗𝑘 = 0, 1) are
given by:

𝜌11𝑚,𝑛 =

⎧

⎪

⎪

⎨

⎪

⎪

∑

𝑗𝑘𝑋
𝑗
𝑚𝑋𝑘

𝑛 𝑅̃
𝑗𝑘
𝑚𝑛(𝑡), 𝑚 ≠ 𝑛;

𝑋+2
𝑛 𝑅+

𝑛 (𝑡) +𝑋
−2
𝑛 𝑅−

𝑛 (𝑡)
∗ 2+ 2+ −𝛾(2𝑛+1)𝑡
⎩

+2𝑃𝑛 𝑃𝑛𝑋𝑛 𝑋𝑛 𝑒 cos(2𝜂𝑛𝑡), 𝑚 = 𝑛.
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Fig. 1. The optical tomography distributions of the cavity states at the times 𝜆𝑡 = 𝑛𝜋(𝑛 = 0, 1, 2,…) for the initial coherent state in (a), the even-coherent state in (b). They are
plotted with 𝛼 = 3. In (c) and (d), the cavity entropy dynamics is depicted under the effects of cavity damping and the detuning.
𝜌00𝑚,𝑛 =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑋−
𝑚𝛷

−
𝑛 𝑅̃

++
𝑚𝑛 (𝑡) +𝑋

+
𝑚𝑋

+
𝑛 𝑅̃

−−
𝑚𝑛 (𝑡) −𝑋

−
𝑚𝑋

+
𝑛 𝑅̃

+−
𝑚𝑛 (𝑡)

−𝑋+
𝑚𝑋

−
𝑛 𝑅̃

−+
𝑚𝑛 (𝑡), 𝑚 ≠ 𝑛;

𝑋−2
𝑛 𝑅+

𝑛 (𝑡) +𝑋
+2
𝑛 𝑅−

𝑛 (𝑡)

−2𝑃 ∗
𝑛 𝑃𝑛𝑋

+2
𝑛 𝑋+2

𝑛 𝑒−𝛾(2𝑛+1)𝑡 cos(2𝜂𝑛𝑡), 𝑚 = 𝑛.

𝜌10𝑚,𝑛 = (𝜌01𝑚,𝑛)
† = 𝑋−

𝑚𝑋
+
𝑛 𝑅̃

++
𝑚𝑛 (𝑡)𝑋

+
𝑚𝑋

−
𝑛 𝑅̃

−−
𝑚𝑛 (𝑡) +𝑋

−
𝑚𝑋

−
𝑛 𝑅̃

+−
𝑚𝑛 (𝑡)𝑋

+
𝑚𝑋

+
𝑛 𝑅̃

−+
𝑚𝑛 (𝑡).

To study the optical tomography distributions for the generated co-
herent cavity-field states, we need only the time-dependent coherent
cavity-field states, which are determined by tracing the atom states
from the system density matrix 𝜌̂(𝑡) of Eq. (10),

𝜌̂𝐹 (𝑡) =
∑

𝑚,𝑛=0
[𝜌11𝑚,𝑛|𝑛⟩⟨𝑛| + 𝜌

00
𝑚,𝑛|𝑛 + 1⟩⟨𝑛 + 1|]. (11)

Optical tomography

For 𝜌̂𝐹 (𝑡) of Eq. (11), the optical coherent-field tomography is given
by [4]

𝑇 (𝜇𝜃 , 𝜃, 𝑡) =
∑

𝑚,𝑛=0
[𝜌11𝑚,𝑛⟨𝜇̂𝜃|𝑛⟩⟨𝑛|𝜇̂𝜃⟩ + 𝜌

00
𝑚,𝑛⟨𝜇̂𝜃|𝑛 + 1⟩⟨𝑛 + 1|𝜇̂𝜃⟩], (12)

where 𝜃 is the local oscillator phase, while 𝜇𝜃 and |𝜇̂𝜃⟩ are the eigen-
value and the eigenstate of the operator

̂𝜃 =
1
√

2
(𝜓̂𝑒−𝑖𝜃 + 𝜓̂†𝑒𝑖𝜃), (13)

Eq. (12) verifies the normalization relation

∫ 𝑇 (𝜇𝜃 , 𝜃)𝑑𝜇𝜃 = 1. (14)

For the time-dependent coherent cavity-field states 𝜌̂𝐹 (𝑡) of Eq. (11),
the expression of the optical tomography is given by

𝑇 (𝜇𝜃 , 𝜃, 𝑡) =
∞
∑

𝑚,𝑛=0
[𝜌11𝑚𝑛(𝑡)𝐾𝑚(𝜇𝜃 , 𝜃)𝐾

∗
𝑛 (𝜇𝜃 , 𝜃)+𝜌

00
𝑚𝑛(𝑡)𝐾𝑚+1(𝜇𝜃 , 𝜃)𝐾

∗
𝑛+1(𝜇𝜃 , 𝜃)],
3

(15)
with

𝐾𝑚(𝜇𝜃 , 𝜃) = ⟨𝜇𝜃 , 𝜃|𝑚⟩ =
𝑒−

𝜇2𝜃
2

𝜋
1
4

𝑒−𝑖𝑚𝜃𝐻𝑚(𝜇𝜃)
√

𝑚!2𝑚
.

𝐻𝑛(.) represents the Hermite polynomial.

Optical tomography dynamics

Here, we explore the generated nonclassical properties’s optical
tomography’s homodyne detector (due to intensity-dependent atom-
field interactions) depending on the generated von-Neumann entropy
coherence’s cavity field at different times, at which the photon-field
states have partial and maximal mixedness.

Fig. 1a and b illustrate the optical tomography 𝑇 (𝛬𝜃 , 𝜃, 𝜆𝑡 = 𝑛𝜋) of
the time-dependent coherent cavity-field states at 𝜆𝑡 = 𝑛𝜋(𝑛 = 0, 1, 2,…)
when the cavity is initially filled by the coherent-field state (CFS) in
(a), the even coherent-field state (ECFS) of the two ‘‘opposite’’ coherent
states |±𝛼⟩ in (b), they are plotted for 𝛼 = 3. While Fig. 1(c) and (d)
show the field entropy dynamics under the effects of cavity damping
and the detuning. The field entropy dynamics is plotted to analyze the
cavity field evolution. From Fig. 1(c), we find that the cavity retrieve
its initial state at the times 𝜆𝑡 = 𝑛𝜋(𝑛 = 0, 1, 2,…). For the coherent/
even coherent initial field state, the state of the cavity is oscillating
from a pure state to a maximally entangled state with 2𝜋−period.
Fig. 1(d) shows the cavity damping and the detuning effects. The strong
detuning (𝐷 = 8𝜆) increases the oscillation frequencies and reduces
the amplitudes of the cavity entropy. The entropy of the dissipative
coherent field cavity with 𝛾 = 8𝜆 grows, i.e. the mixedness of the cavity
state enhances while its purity is lost, completely, as they evolves.

Due to that the cavity we retrieve the same initial coherent field
or the even coherent field at the time 𝜆𝑡 = 𝑛𝜋(𝑛 = 0, 1, 2,…) (see
Fig. 1(c) and (d)) (see [4–6]). With respect to the 𝜇𝜃-axis, Fig. 1(a)
shows that the optical CFS (coherent-field state) tomography distri-
bution 𝑇 (𝜇𝜃 , 𝜃 = 0, 𝜆𝑡 = 𝑛𝜋) appears as symmetric peak around its
maximum intensity 𝜇 = |𝛼|

√

2. While with respect to the 𝜃-axis, the
𝜃
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Fig. 2. The dynamics of the optical tomography is plotted at 𝜆𝑡 = 3
4
𝜋 with 𝛼 = 3, 𝐷 = 0, 𝛾 = 0, and for the initial coherent state in (a) and for the initial even coherent state in

(b).
optical CFS tomography distribution |𝛼⟩ has a symmetric bottom at
𝜃 = 𝜋. The optical CFS tomography distribution’s maximum intensity is
independent of 𝜇𝜃 and 𝜃, and its 𝜇𝜃-path performs an oscillatory path
that goes through the points (𝜇𝜃 , 𝜃) = (3

√

2, 0), (𝜇𝜃 , 𝜃) = (−3
√

2, 𝜋), and
then the point (𝜇𝜃 , 𝜃) = (3

√

2, 2𝜋).
With respect to the 𝜇𝜃-axis, Fig. 1(b) illustrates that the optical ECFS

(even coherent-field state) tomography distribution has two symmetric
peaks around their maximum intensities 𝜇𝜃 = ±|𝛼|

√

2. In other words,
the optical tomography distribution of the superposition of the coherent
states |𝛼⟩ and |−𝛼⟩ displays two symmetric distributions in which one of
them corresponds to |𝛼⟩ and the other corresponds to |−𝛼⟩. The quan-
tum interference regions between the coherent-field states is reflected
in the shape of the tomography distributions for ECFS (even coherent-
field state). As 𝜃 increases, the optical ECFS tomography distribution
moves along two opposite regular 𝜋-periodic sinusoidal distributions in
the 𝜇𝜃 − 𝜃 plane. The maximum intensity of the optical ECFS tomogra-
phy distributions is (𝜇𝜃 , 𝜃)-independent, except, the intersection regions
of the optical ECFS tomography. The maximum intensities rise to two
distinct sharp peaks in these intersecting regions.

Fig. 2 illustrates the optical tomography distributions at the times:
𝜆𝑡 = 3

4𝜋 for the initial coherent state in (a), and for the initial even co-
herent state in (b). At 𝜆𝑡 = 3

4𝜋 (see Fig. 2a), the optical CFS-tomography
𝑇 (𝜇𝜃 , 𝜃, 𝜆𝑡 = 3

4𝜋) presents different distribution (with respect to the
𝜇𝜃-direction) compared to the optical tomography 𝑇 (𝜇𝜃 , 𝜃, 𝜆𝑡 = 𝑛𝜋) of
Fig. 1a. Except at three places: (𝜇𝜃 , 𝜃) = (−2.95, 0), (𝜇𝜃 , 𝜃) = (2.95, 𝜋),
and (𝜇𝜃 , 𝜃) = (−2.95, 2𝜋) the optical CFS tomography is separated into
two identical parts of distribution. At each one of these mentioned
points, the generated optical CFS-tomography has a peak with a large
maximum value. Fig. 2b shows that the atom-ECF interactions have
a high ability to generate new different cavity-field states, each one
of them characterizes by a unique optical tomography distribution.
The optical tomography distribution of the initial coherent state at
𝜆𝑡 = 3

4𝜋 has regular sinusoidal paths with a 𝜋 − 𝜃-period, which are
similar to optical ECFS-tomography sinusoidal paths. Fig. 2b conveys
that the generated optical tomography splits into two distributions in
two different paths as 𝜃 evolves, each of their peak amplitudes is less
than that of Fig. 1a.

In Fig. 3, the atom-cavity detuning effect (𝐷 = 8𝜆) is analyzed for
the optical tomography distributions 𝑇 (𝜇𝜃 , 𝜃, 𝜆𝑡 = 𝑛𝜋)(𝑛 = 0, 1, 2,…)
with the same parameters of Fig. 1a,b at the times 𝜆𝑡 = 𝑛𝜋 with the
initial coherent state in (a) and with the initial even coherent state in
(b). While, for the resonance case of 𝐷 = 8𝜆, the optical tomography
distributions for the initial CFS and for the initial ECFS are illustrated in
(c) and (d) at the time 𝜆𝑡 = 3

4𝜋. We observe that the maximum values,
symmetry, and regularity of the CFS/ECFS optical tomography are
affected by the detuning. This confirms that atom-ECF interactions can
yield new partially/completely cavity-field mixed states. Each of them
has a unique form of nonclassicality in terms of optical tomography
distribution.
4

In Fig. 4, the effect of the cavity damping on the optical CFS and
ECFS tomography distributions at 𝜆𝑡 = 3

4𝜋 of Fig. 2 is illustrated for
𝛾 = 0.04𝜆. The cavity damping effect performs new stationary optical
tomography distributions.

Fig. 5 illustrates the dynamics of the optical CFS tomography with
respect to the space (𝜇𝜃 , 𝜃) corresponded to its value’s distribution
maximum 𝑇max(−|𝛼|

√

2, 𝜋, 𝑡) in (a) and the optical ECFS tomography
maximum 𝑇max(0.35, 0.5093𝜋, 𝑡) in (b) under the cavity damping and
the detuning effects. Because that the optical CFS and ECFS tomogra-
phies have periodical dynamics, the discussion can be limited to the
time interval 𝜆𝑡 ∈ [0, 5𝜋]. Solid curve of Fig. 5a shows that the CFS
tomography 𝑇max(−|𝛼|

√

2, 𝜋, 𝑡) initiates with a higher values, sequently
decreasing and collapsing within a specific time windows. It collapses
for a particular time window. The optical CFS tomography then grows
to its original maximum value, while performing regular oscillatory
dynamics with 2𝜋-period. The non-resonance dash curve shows that
the regularity of collapse intervals and the oscillatory dynamics have
disappeared. Except for the initial maximum value and collapse inter-
val, the optical CFS tomography maximum values and collapse intervals
are lowered. The dash–dot curve of optical CFS tomography shows
the influence of cavity damping. The optical CFS tomography maxima
values, with the exception of the initial maximum, decrease over time.
The maximum optical CFS tomography 𝑇max(−|𝛼|

√

2, 𝜋, 𝑡) reduces to its
non-zero stable optical CFS tomography. Dot curve of the optical CFS
tomography indicates that the cavity damping effect can be enhanced
by increasing the detuning.

Fig. 5b is plotted for the optical ECFS tomography 𝑇max(0.35,
0.5093𝜋, 𝑡) under the effects of the cavity dissipation and the detuning.
The solid curve illustrates that the optical ECFS tomography oscillatory
dynamics have a large maximum 𝑇max(0.35, 0.5093𝜋, 𝑡) ≈ 1 and small
frequencies. Strong detuning 𝐷 = 8𝜆 leads slightly to decrease the
frequencies and increase the amplitudes of irregular oscillatory optical
ECFS tomography dynamics. Dash–dot and dot curves illustrate the
cavity damping effect for the resonance and non-resonance cases on the
oscillatory optical ECFS tomography dynamics. We can deduce that the
amplitudes, frequency, regularity, and stability of the oscillatory optical
ECFS tomography dynamics depend on the atom-field detuning and the
cavity-field damping.

Conclusions

This paper analytically describes the interaction of a two-level
atom with a dissipative cavity, characterized by intensity-dependent
coupling. The major focus is on examining the optical ECFS tomography
distributions while taking detuning and cavity damping into account.
Our results show that in the presence of cavity damping, interactions
between the atom and the coherent cavity have a remarkable ability
to generate novel coherent field states with distinct regularity, am-
plitude, frequency, and symmetry for both initial coherent and even
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Fig. 3. The effect of the atom-cavity detuning is illustrated on the optical tomography dynamics with 𝛼 = 3, 𝛾 = 0, and 𝐷 = 8𝜆 at the times 𝜆𝑡 = 𝑛𝜋(𝑛 = 0, 1, 2,…) for the coherent
state in (a) and for the even coherent state in (b). While at 𝜆𝑡 = 3

4
𝜋 is for the coherent state in (c) and for the even coherent state in (d).

Fig. 4. The effect of the cavity damping is illustrated on the optical tomography dynamics with 𝛼 = 3, 𝛾 = 0.04𝜆, and 𝐷 = 0 at 𝜆𝑡 = 3
4
𝜋 for the coherent state in (a) and for the

even coherent state in (b).

Fig. 5. The maximum-values dynamics of the optical CFS tomography 𝑇max(−|𝛼|
√

2, 𝜋, 𝑡) in (a) and the optical ECFS tomography 𝑇max(0.35, 0.5093𝜋, 𝑡) in (b) under the cavity damping
and the detuning effects with |𝛼|2 = 9.



Results in Physics 61 (2024) 107755A.-B. Mohamed et al.

v
s
d

coherent states. Notably, when atom-cavity detuning increases, these
features become more prominent. Furthermore, the optical tomography
distributions produced by these states are particularly sensitive to both
cavity field damping and atom-cavity detuning. Our results further
reveal that by modifying the atom-field detuning and the cavity damp-
ing, the maximum values, frequency, regularity, and stationary value
of optical CFS/ECFS tomography can be controlled. In the absence of
dissipation, the distribution maxima of both optical CFS and ECFS to-
mographies exhibit a periodic oscillating pattern for the resonance case.
In the absence of dissipation, off-resonance optical tomographies reveal
strong oscillations with small amplitudes. Nonetheless, by increasing
the dissipation coupling, these oscillations and amplitudes are reduced.
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