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The squeezing spectrum of the resonance fluorescence is studied for a coherently driven four-level atom
in the Y-type configuration. It is found that the squeezing properties of the fluorescence radiation are
modified significantly when quantum interference of the spontaneous decays channels is included. We
show a considerable enhancement of steady-state squeezing in spectral components for strong and off-
resonant driving fields. The squeezing may be increased in both the inner and outer sidebands of the
spectrum depending upon the choice of parameters. We also show that the interference can degrade the
spectral squeezing by increasing the decay rates of atomic transitions. An analytical description using
dressed states is provided to explain the numerical results.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Squeezing of the radiation field is one of the distinct features
of the quantum theory of light [1,2]. Squeezed states of light, be-
ing nonclassical in origin [3], have a reduced variance in one of the
quadrature components of the electric field. It is well known that
the resonance fluorescence from a driven atomic system can serve
as a source of squeezed radiation. Theoretical investigations on
two-level and three-level atoms demonstrated squeezing either in
the total variance of phase quadratures or in the frequency (spec-
tral) components of the fluorescence radiation [4–11]. For a driven
two-level atom, Walls and Zöller first predicted that squeezing
can occur in the in-phase/out-of-phase quadrature component of
the fluorescent light [4a]. The noise spectrum was shown to ex-
hibit single- and two-mode squeezing in the weak- and strong-
excitation regimes [5,6]. Some experimental evidences of squeezing
have also been reported in the phase-dependent spectra of two-
level atoms [7]. Unlike in two-level systems, two-photon coher-
ences play a significant role in the dynamics of three-level atoms
driven by coherent fields [8,9]. Dalton et al. examined the role
of atomic coherences and studied the maximum squeezing that
can be obtained in the fluorescence from three-level systems [9].
A detailed study by Gao et al. [10,11] has shown that ultranar-
row squeezing peaks may appear in the spectrum of driven three-
level atoms in Ξ - and V-type configurations. However, the role of
two-photon coherence is seen to destroy the spectral-component
squeezing in the fluorescent field [10].
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One of the interesting developments in the study of resonance
fluorescence is the possibility of modifying spectral properties of
the atoms via quantum interferences in spontaneous decay chan-
nels. The interference in spontaneous emission occurs when the
atomic transitions are coupled by same vacuum modes. The early
work of Agarwal on this subject demonstrated population trapping
and generation of quantum coherence between the excited states
in a V-type atom [12]. Since the fluorescence properties of a driven
atomic system result from its spontaneous emission, studying the
influence of interference in such processes has become an im-
portant topic of research [13–18]. Much attention has been paid
to study the fluorescence spectrum of driven atoms [13–15]. All
these theoretical studies assume non-orthogonal dipole moments
of the atomic transitions for the interference to exist in decay
processes [12]. However, in real atomic systems, it is difficult to
meet this condition. Different schemes were later proposed to by-
pass the condition of non-orthogonal dipole moments [19–21].
Experimentally, coherence between the ground states arising from
spontaneous emissions has been reported using electron spin po-
larization states in quantum dots [20] and Zeeman sub-levels in
atomic systems [21].

The squeezing characteristics of the emitted fluorescent light
was also discussed extensively [16–18]. In a three-level V-type
atom interacting with a coherent field, the interference is shown
to enhance the spectral-component squeezing in the presence of
standard/squeezed vacuum [16]. Li et al. studied the squeezing
spectrum of a four-level atom in the Λ-type scheme and showed
that unusual squeezing properties appear due to interference if the
fluorescent field is detected on the slow decaying transition [17].
Further, Gonzalo et al. have examined a driven three-level atom
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Fig. 1. The level scheme of the Y-type atom driven by coherent fields.

of the Λ configuration with particular attention to the squeezing
in spectral components [18]. Recently, the effects of spontaneously
generated interferences have been investigated in the context of
enhancing self-Kerr nonlinearity [22], soliton formation [23], and
preserving bi-partite entanglement [24].

In this Letter, we consider a four-level atom in the Y-type con-
figuration interacting with two coherent fields (as shown in Fig. 1).
The excited atomic states are assumed to be near degenerate and
decay spontaneously via the same vacuum modes to the interme-
diate state. The atom in the intermediate state can make spon-
taneous transitions to the ground state. Since the cascade decays
from the excited atomic states lead to an emission of the same
pair of photons, quantum interference exists in decay processes.
The role of the interference was investigated in the fluorescence
spectrum of this system in Ref. [15]. In the present work, we study
the squeezing spectrum and examine the interference effects on
squeezing properties of the fluorescence fields.

The Letter is arranged as follows. In Section 2, we present the
atomic density matrix equations, describing the interaction of a
Y-type atom with two coherent fields, when the presence of quan-
tum interference in decay channels is included. The formula for the
squeezing spectrum is then derived using atomic correlation oper-
ators in Section 3. In Section 4, we analyze the numerical results
of the squeezing spectrum and identify the origin of interference
effects using the dressed-state picture. Finally, the main results are
summarized in Section 5.

2. Driven Y-type atomic system and its density matrix equations

We consider a four-level atom in the Y-type configuration as
shown in Fig. 1. In this scheme, the atom has two closely ly-
ing excited states |1〉 and |2〉 with energy separation h̄W12. It
is assumed that the excited atomic states are coupled by com-
mon vacuum modes to decay spontaneously to the intermediate
state |3〉 with rates 2γ1 and 2γ2. The atom in the intermediate
state |3〉 is further allowed to undergo spontaneous emissions to
the ground state |4〉 with decay rate 2γ3. The direct transitions
between the excited states |1〉 → |2〉 and that between the ex-
cited and ground states |1〉, |2〉 → |4〉 of the atom are forbidden
in the dipole approximation. We assume that the transition fre-
quencies (ω13,ω23) of the upper transitions differ widely from
that of the lower transition (ω34). This leads to a situation in
which the vacuum modes coupling the upper and lower atomic
transitions are totally different. In addition to spontaneous decays,
two coherent fields are applied on the atom as shown schemat-
ically in Fig. 1. The upper transitions |1〉, |2〉 ↔ |3〉 are driven
by a coherent field of frequency ωa (amplitude Ea) and another
field of frequency ωb (amplitude Eb) couples the lower transi-
tion |3〉 ↔ |4〉. The Rabi frequencies of the atom-field interac-
tion are denoted as Ω1 = �μ13.�Ea/h̄, Ω2 = �μ23.�Ea/h̄, and Ω3 =

�μ34.�Eb/h̄ with �μmn being the dipole moment of the atomic tran-
sition from |m〉 to |n〉.

The system is studied in the interaction picture using time in-
dependent Hamiltonian

H I = h̄(�a + �b)A11 + h̄(�a + �b − W12)A22 + h̄�b A33

− h̄(Ω1 A13 + Ω2 A23 + H.c.) − h̄(Ω3 A34 + H.c.). (1)

Here, the operators Amn = |m〉〈n| represent the atomic popula-
tion operators for m = n and transition operators for m �= n. To
include decay processes in the dynamics, we use the master equa-
tion framework. With the inclusion of the decay terms, the time
evolution of the density matrix elements in the interaction picture
obeys [15]

ρ̇11 = −2γ1ρ11 + iΩ1(ρ31 − ρ13) − p
√

γ1γ2(ρ12 + ρ21), (2)

ρ̇22 = −2γ2ρ22 + iΩ2(ρ32 − ρ23) − p
√

γ1γ2(ρ12 + ρ21), (3)

ρ̇33 = 2γ1ρ11 + 2γ2ρ22 − 2γ3ρ33 + iΩ1(ρ13 − ρ31)

+ iΩ2(ρ23 − ρ32) + iΩ3(ρ43 − ρ34)

+ 2p
√

γ1γ2(ρ12 + ρ21), (4)

ρ̇12 = −(γ1 + γ2 + iW12)ρ12 + iΩ1ρ32 − iΩ2ρ13

− p
√

γ1γ2(ρ11 + ρ22), (5)

ρ̇13 = −(γ1 + γ3 + i�a)ρ13 + iΩ1(ρ33 − ρ11) − iΩ2ρ12

− iΩ3ρ14 − p
√

γ1γ2ρ23, (6)

ρ̇23 = −[
γ2 + γ3 + i(�a − W12)

]
ρ23 + iΩ2(ρ33 − ρ22)

− iΩ1ρ21 − iΩ3ρ24 − p
√

γ1γ2ρ13, (7)

ρ̇34 = −(γ3 + i�b)ρ34 + iΩ3(ρ44 − ρ33) + iΩ1ρ14

+ iΩ2ρ24, (8)

ρ̇14 = −[
γ1 + i(�a + �b)

]
ρ14 + iΩ1ρ34 − iΩ3ρ13

− p
√

γ1γ2ρ24, (9)

ρ̇24 = −[
γ2 + i(�a + �b − W12)

]
ρ24 + iΩ2ρ34 − iΩ3ρ23

− p
√

γ1γ2ρ14. (10)

Here, �a = ω13 − ωa corresponds to the detuning between the
atomic frequency (ω13) of the |1〉 → |3〉 transition and the fre-
quency of the applied field Ea . Similarly, �b = ω34 − ωb de-
notes the detuning of the field acting on the lower transition.
In writing Eqs. (2)–(10), we have assumed that the trace con-
dition ρ11 + ρ22 + ρ33 + ρ44 = 1 is satisfied. The cross-coupling
term p ≡ �μ13. �μ23/| �μ13|| �μ23| is referred to as the interference
parameter. This term arises due to the quantum interference in
spontaneous emission pathways. The effect of interference is to
couple the populations and coherences as seen in Eqs. (2)–(10).
It reflects the fact that population can be transferred between the
excited states by the vacuum field. When p = ±1, the decays from
the excited states |1〉 and |2〉 are coupled and the interference
effects are maximal. If the atomic dipole moments are orthogo-
nal (p = 0), there is no interference effect in spontaneous emis-
sion.

For convenience in the calculation of the squeezing spectrum,
we rewrite the density matrix equations (2)–(10) in a more com-
pact matrix form by the definition

Ψ̂ = (ρ11,ρ22,ρ33,ρ12,ρ13,ρ23,

ρ14,ρ24,ρ34,ρ21,ρ31,ρ32,ρ41,ρ42,ρ43)
T . (11)

Substituting Eq. (11) into Eqs. (2)–(10), we get the matrix equation
for the variables Ψ̂ j(t)



Download English Version:

https://daneshyari.com/en/article/1862119

Download Persian Version:

https://daneshyari.com/article/1862119

Daneshyari.com

https://daneshyari.com/en/article/1862119
https://daneshyari.com/article/1862119
https://daneshyari.com

