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Abstract

The aim of this paper is to study the squeezing and statistical properties of the light produced by a degenerate three-level laser whose
cavity contains a degenerate parametric amplifier. In this quantum optical system the top and bottom levels of the three-level atoms
injected into the laser cavity are coupled by the pump mode emerging from the parametric amplifier. For a linear gain coefficient of
100 and for a cavity damping constant of 0.8, the maximum intracavity squeezing is found at steady state and at threshold to be 93%.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

There has been a considerable interest in the analysis of
the quantum properties of the squeezed light generated by
various quantum optical systems [1–9]. In squeezed light
the fluctuations in one quadrature is below the vacuum
level at the expense of enhanced fluctuations in the other
quadrature, with the product of the uncertainties in the
two quadratures satisfying the uncertainty relation. In
addition to exhibiting a nonclassical feature, squeezed light
has potential applications in precision measurements and
noiseless communications [10,11].

Some authors have studied the squeezing and statistical
properties of the light produced by three-level lasers when
either the atoms are initially prepared in a coherent super-
position of the top and bottom levels [12–14] or when these
levels are coupled by a strong coherent light [13]. These
studies show that a three-level laser can under certain con-
ditions generate squeezed light. In such a laser, three-level
atoms in a cascade configuration are injected at a constant

rate into the cavity coupled to a vacuum reservoir via a
single-port mirror. When a three-level atom makes a tran-
sition from the top to bottom level via the intermediate
level, two photons are generated. The two photons are
highly correlated and this correlation is responsible for
the squeezing of the light produced by a three-level laser.
On the other hand, it is well known that a parametric oscil-
lator is a typical source of squeezed light [2–6], with a max-
imum intracavity squeezing of 50%. Recently Fesseha [12]
has studied a three-level laser with a parametric amplifier
in which three-level atoms, initially prepared in a coherent
superposition of the top and bottom levels, are injected
into the cavity. He has found that the effect of the paramet-
ric amplifier is to increase the intracavity squeezing by a
maximum of 50%.

In this paper we consider a degenerate three-level laser
whose cavity contains a degenerate parametric amplifier
(DPA) and coupled to a vacuum reservoir. The top and
bottom levels of the three-level atoms injected into the cav-
ity are coupled by the pump mode emerging from the para-
metric amplifier. And the three-level atoms are initially
prepared in such a way that the probabilities of finding
the atoms at the top and bottom levels are equal. We
expect that a highly squeezed light can be generated by
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the quantum optical system under consideration. Thus our
interest is to analyze the squeezing and statistical properties
of the light generated by this system.

We obtain, applying the master equation, stochastic dif-
ferential equations for the cavity mode variables associated
with the normal ordering. The solutions of the resulting
equations are used to determine the quadrature variance,
the squeezing spectrum, and the mean photon number.
Moreover, applying the same solutions, we determine the
antinormally ordered characteristic function with the aid
of which the Q function is obtained. Then the Q function
is used to calculate the photon number distribution.

2. Stochastic differential equations

Three-level atoms in a cascade configuration are injected
into the laser cavity at a constant rate ra and removed from
the cavity after a certain time s. We represent the top, mid-
dle, and bottom levels of a three-level atom by jai, jbi and
jci, respectively. We assume the transitions between levels
jai and jbi and between levels jbi and jci to be dipole
allowed, with direct transitions between levels jai and jci
to be dipole forbidden. We consider the case for which
the cavity mode is at resonance with the two transitions
jai! jbi and jbi! jci (see Fig. 1).

The Hamiltonian describing the coupling of levels jai
and jci by the pump mode emerging from the parametric
amplifier can be expressed as

Ĥ 0 ¼ i
X
2
ðjcihaj � jaihcjÞ; ð1Þ

in which X = 2g 0l with g 0 and l being respectively the cou-
pling constant and the amplitude of the pump mode. In
addition, the interaction of a three-level atom with the cav-
ity mode can be described by the Hamiltonian

Ĥ 00 ¼ ig½âyðjbihaj þ jcihbjÞ � âðjaihbj þ jbihcjÞ�; ð2Þ
where g is the coupling constant and â is the annihilation
operator for the cavity mode. Thus the Hamiltonian
describing the interaction of a three-level atom with the
cavity mode and with the pump mode emerging from the
parametric amplifier has the form

Ĥ ¼ ig½âyðjbihaj þ jcihbjÞ � âðjaihbj þ jbihcjÞ�

þ i
X
2
ðjcihaj � jaihcjÞ. ð3Þ

We take the initial state of a single three-level atom to be

jwAð0Þi ¼
1ffiffiffi
2
p jai þ 1ffiffiffi

2
p jci ð4Þ

and hence the density operator for a single atom is

q̂Að0Þ ¼
1

2
jaihaj þ 1

2
jaihcj þ 1

2
jcihaj þ 1

2
jcihcj. ð5Þ

It can be readily established that the equation of evolution
of the density operator for the laser cavity mode, coupled
to a vacuum reservoir, has in the linear and adiabatic
approximation the form [15]

d

dt
q̂ ¼ Rð2âyq̂â� ââyq̂� q̂ââyÞ þ Sð2âq̂ây � âyâq̂� q̂âyâÞ

þ Uðâyq̂ây þ âq̂â� q̂ây2 � â2q̂Þ
þ V ðâyq̂ây þ âq̂â� qâ2 � ây2q̂Þ; ð6Þ

where

R ¼ A
4B

1� 3b
2
þ b2

� �
; ð7aÞ

S ¼ A
4B

2jB
A
þ 1þ 3b

2
þ b2

� �
; ð7bÞ

U ¼ A
4B
�1þ b

2
þ b2

2
þ b3

2

� �
; ð7cÞ

V ¼ A
4B
�1� b

2
þ b2

2
� b3

2

� �
; ð7dÞ

B ¼ ð1þ b2Þð1þ b2

4
Þ; ð7eÞ

b ¼ X=c; ð7fÞ

A ¼ 2g2ra

c2
ð8Þ

is the linear gain coefficient, j is the cavity damping con-
stant, and c is the atomic decay rate assumed to be the
same for all the three levels.

Moreover, a degenerate parametric amplifier with the
pump mode treated classically is describable in the interac-
tion picture by the Hamiltonian

Ĥ ¼ ie
2
ðây2 � â2Þ; ð9Þ

in which e = kl with k being the coupling constant. The
master equation associated with this Hamiltonian has the
form

d

dt
q̂ ¼ e

2
ðq̂â2 � â2q̂þ ây2q̂� q̂ây2Þ. ð10Þ

Now on account of Eqs. (6) and (10), the master equation
for the cavity mode of the quantum optical system under
consideration can be written as

a three-level atom ra

a

b

c

DPA

Fig. 1. A degenerate three-level laser with a degenerate parametric
amplifier.

E. Alebachew, K. Fesseha / Optics Communications 265 (2006) 314–321 315



Download English Version:

https://daneshyari.com/en/article/1542329

Download Persian Version:

https://daneshyari.com/article/1542329

Daneshyari.com

https://daneshyari.com/en/article/1542329
https://daneshyari.com/article/1542329
https://daneshyari.com

