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a b s t r a c t

In this paper, we develop the model of the four-level double Raman pairs by exploiting the required
optimal conditions for this system that are feasible with real experimental realization. We investigate
qualitatively the entanglement, statistical properties, and geometric phase for the pair of Stokes and
anti-Stokes photons in the presence of the time-dependent coupling effect. We show that these quanti-
fiers are very sensitive to the change of the Rabi frequency and time, exhibiting substantial phenomena
that are depending on the kind of coupling between the atom and photons. Finally, we explore the rela-
tionship between the quantum quantifiers in terms of the physical parameters with and without time-
dependent coupling effect.
� 2016 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Quantum technology science has emerged as a new rich field
due to its potential applications [1,2], combining and drawing on
the disciplines of physical science, mathematics, computer science,
and engineering. Its aim is to study how these tasks can be accom-
plished and show that the physical laws that are used early can be
explored to develop the different tasks of optics and information
using the features of the quantum mechanical systems. These
quantum characters lead to some advantages and can be exploited
to perform new promising tasks which are impossible in the
classical realm. A generation of well-controlled non-linearity and
non-classicality character is the main research of many scientists
working in the relatively new field of quantum technologies. Inter-
actions of matter with light are widely considered in the literature
and appeared in most processes of quantum optics and informa-
tion [3–5]. The study involving light-matter interactions become
very popular among scientists theoretically as well as experimen-
tally due to its advantageous application for future technologies.
The simple description of quantum light-matter interaction,
namely the interaction between a qubit and harmonic oscillator
is given by the Rabi model [6].

A generation of well-controlled quantum correlations is the
main research of many scientists working in the relatively new
field of quantum technologies [1]. One of the studies of quantum

correlations is entanglement [7–12]. A prototype system, which
can display quantum entanglement, is the bipartite quantum sys-
tems. One of the most interesting aspects is the entanglement
between light and matter [13,14]. In recent years different devices
have been proposed and realized experimentally to generate quan-
tum entanglement, such as beam splitter [15,16], cavity QED [17],
and NMR systems [18]. Entangled photon pairs are an integral
asset to quantum communication technology with continuous
variables [19]. A bright source of entangled photon pairs could be
useful also for quantum lithography [20]. The transient entangle-
ment of many photon pairs has been shown to exist for a cascade
scheme [21,22], and double Raman scheme [23]. The transient
regime does not provide a continuous source of entangled photon
pairs that could be as typical lasers in continuous wave operation.

Geometric phase is an example of intrinsic feature in quantum
mechanics which has been investigated by almost two generations
of physicists. A considerable understanding of the formal descrip-
tion of quantum mechanics has been achieved after Berry’s discov-
ery [24–27] of a geometric feature related to the dynamics of a
quantum system in the adiabatic and the cyclic unitary evolution
of non-degenerate states. There are plenty of generalizations,
including non-adiabatic [28], non-cyclic and even non-unitary evo-
lution of quantum states. Berry’s showed that the wave function of
a quantum object retains the memory of its evolution in its com-
plex phase argument, which apart from the usual dynamical con-
tribution, only depends on the geometry of the path traversed by
the system, known as the geometric phase factor. This contribution
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originates from the very heart of quantummechanics. The geomet-
ric phase can be expressed as a path integral and via the Stokes
theorem, and can be converted into a surface integral. Therefore,
it behaves like a geometric area. A quantity like an area is less
dependent on the details of time evolution and therefore is less
affected by changes of environmental conditions or an imperfect
control, and hence, is typically more robust. This is the key attri-
bute that makes geometric phase attractive for the implementation
of fault-tolerant quantum computation.

Nonclassical photon pairs driven by laser pulses could be made
sufficiently intense and serves as a new tool for doing quantum
nonlinear optics. Entangled photon pairs are integral assets to
quantum communication technology with continuous variables
[29]. This represents a new kind of correlated photon state, which
is of interest in itself and is likely to find applications in various
fields, for example, in stellar astronomy [30], foundations of quan-
tum mechanics [31], subnatural spectroscopy [32], quantum
lithography [20], and now in quantum microscopy [33]. Transient
entanglement of a large number of photon pairs has been shown
to exist for a cascade scheme [21], and double Raman scheme [34].

The transient regime does not provide a continuous source of
entangled photon pairs that could be as useful and practical as typ-
ical lasers in continuous wave operation. One might wonder
whether the entanglement still survives in the long time limit.

The transient regime where the coupling varies rapidly with
time is of interest. The generalization from the constant coupling
to arbitrary time dependent coupling enables us to describe several
new physical situations not discussed before. A realization of par-
ticular interest when may be the time-dependent alignment or ori-
entation of the atomic/molecular dipole moment using a laser
pulse [35] and motion of the atom through the cavity. More
recently, we have investigated the geometric phase and entangle-
ment of three-level double system under Raman process with
and without photonic band gab (PBG) [36]. It is found that the geo-
metric phase and entanglement are very sensitive to PBG effect,
exhibiting sufficient quantum phenomena. In the present paper,
we consider a single four-level atom illuminated by the pump
and drive lasers as shown in Fig. 1. This scheme leads to generate
controllable non-classical correlated Stokes and anti-Stokes pho-
tons from an atom [33] as well as extended medium [37]. Here,
we develop the model of the four-level double Raman pairs by
exploiting the required best conditions for this system, that are
feasible with real experimental realization. We will explore the
relationship between the quantum quantifiers for the pair of
Stokes and anti-Stokes photons in terms of the physical parame-
ters, including nonlocal correlation, physical properties, and geo-
metric phase with and without time-dependent coupling effect.

Previous works on single atom driven by continuous wave lasers
were based on Schrodinger’s equation [38–40] and master equa-
tion [41]. The former approach yields solutions only for c.w. lasers.
The latter uses the correlation between the atom and field to
obtain quantum regression theorem [42]. A general and more
transparent method for computing correlations is based on Heisen-
berg–Langevin (HL) formulation, which can be extended to include
spatial propagation. However, previous studies have not consid-
ered excitations with laser pulses which provide extra degrees of
freedom for coherent control of non-classicality. It is interesting
to consider the effects of pulse width (duration) and other param-
eters such as chirp, phase, and shape on quantum features of the
photon pairs, as well as on the role of quantum noise [43]. Non-
classical photon pairs driven by laser pulses could be made suffi-
ciently intense and serve as a new tool for doing quantum nonlin-
ear optics. A scheme to generate single-cycle photon pairs has been
proposed [44]. For laser pulses, exact solutions cannot be obtained
using the Schrodinger’s equation. The quantum regression
approach may give numerical solutions for pulses, but cannot
account for spatial propagation.

The paper is organized as follows. In Section ‘‘The model of two
Raman photons with time-dependent coupling”, we present our
coupling scheme of an atom with four-level double Raman scheme
driven by pump and control laser pulses, producing Stokes and
anti-Stokes photons. In Section ‘‘Quantum quantifiers”, we define
the different quantum quantifiers, especially, von Neumann
entropy as a measure of entanglement, Mandel’s parameter to
study the non-classical properties, and geometric phase quantity
for the two-photon state. In Section ‘‘Numerical results and discus-
sion”, we analyze the results with and without time-dependent
coupling effect considering two kinds of the time-dependent cou-
pling. Finally, the main conclusions are summarized in
Section ‘‘Conclusion”.

The model of two Raman photons with time-dependent
coupling

We consider a single four-level atom in the framework of the
double Raman photons scheme, that are generally detuned to the
Stokes ðâkÞ and anti-Stokes ðâqÞ modes, as shown in Fig. 1. The
usual Hamiltonian for the atom interacting with radiation fields
of two lasers is given by [36]
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where Dk ¼ mk �x4s, Dq ¼ mq �x1s, s; r ¼ 2; 3, D ¼ mp �x13, and
Dd ¼ md �x12 are the detunings of the Stokes and anti-Stokes fre-
quencies. The terms g�

kðtÞ ¼ g�
kf ðtÞ and g�

qðtÞ ¼ g�
qgðtÞ are the usual

time-dependent coupling between the atom with Stokes and anti-
Stokes modes, respectively. Since jXpj >> jg3

k j and jXj >> jgb
qj for

typical lasers, the first two lines of the Hamiltonian in Eq. (1) can
be simplified to
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Fig. 1. An atom with four-level double Raman pairs, when illuminated by a pump
and drive laser, emits a pair of Stokes and anti-Stokes photons. The atom is initially
taken in the ground state (level 3). The pump field Xp which is detuned from 3 M 4
transition D, produces the Stokes photon and the control field X that is on
resonance with 1 M 2 transition drives the atom to level 1 producing the anti-
Stokes photon. The detunings are defined as md ¼ x12; mp ¼ Dþx43, and
mkðqÞ ¼ DkðqÞ þx42ð23Þ.
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