
Amplification without inversion, fast light and optical bistability in a
duplicated two-level system

Lida Ebrahimi Zohravi, Azar Vafafard, Mohammad Mahmoudi n

Department of Physics, University of Zanjan, University Boulevard, 45371-38791, Zanjan, Iran

a r t i c l e i n f o

Article history:
Received 24 October 2013
Received in revised form
23 January 2014
Accepted 28 January 2014
Available online 6 February 2014

Keywords:
Coherent control
Duplicated two-level system
Amplification without inversion
Superluminal light propagation
Optical bistability

a b s t r a c t

The optical properties of a weak probe field in a duplicated two-level system are investigated in multi-
photon resonance (MPR) condition and beyond it. It is shown that by changing the relative phase of
applied fields, the absorption switches to the amplification without inversion in MPR condition. By
applying the Floquet decomposition to the equations of motion beyond MPR condition, it is shown that
the phase-dependent behavior is valid only in MPR condition. Moreover, it is demonstrated that the
group velocity of light pulse can be controlled by the intensity of the applied fields and the gain-assisted
superluminal light propagation (fast light) is obtained in this system. In addition, the optical bistability
(OB) behavior of the system is studied beyond MPR condition. We apply an indirect incoherent pumping
field to the system and it is found that the group velocity and OB behavior of the system can be controlled
by the incoherent pumping rate.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

The study of the optical response of a medium is one of the most
important fields in optics. Quantum coherence has a major role in
determination of the optical properties of the systems and has
various applications in optical physics [1]. It has been used to
establish the Lasing without inversion (LWI) [2], electromagnetically
induced transparency (EIT) [3], refractive index enhancement [4],
optical bistability (OB) [5], and slow [6] and fast light [7]. In
superluminal light propagation the group velocity of light pulse in
a dispersive medium can exceed the speed of light in vacuum and
can even be negative [8]. However, it does not violate Einstein's
principle of special relativity. It is generally believed that complete
information cannot be sent faster than the light speed in vacuum [9].

Recently the duplicated two-level (DTL) system has been
extensively studied because of its interesting feature and potenti-
ality of applications. The interaction of such a system with
femtosecond coherent pulses has been studied by Delagnes and
Bouchene and the efficient modulation of the medium gain for the
probe field has been demonstrated due to the interference [10].
Slow light propagation through DTL system has been also studied
and a new method based on Zeeman coherence oscillation for
slow light has been presented in a transparency window [11].
Coherent control of the effective susceptibility through wave

mixing has been studied in this system under MPR condition
and a phase-dependent behavior due to a different quantum path
associated with conjugate phase was presented [12]. The spatial
interference of resonance fluorescence from two DTL atoms driven
by two orthogonally polarized fields has been investigated in MPR
condition. It was shown that the interference pattern can be
recovered in fluorescence light of strongly driven atoms due to
the effect of the relative phase of applied fields on the populations
and atomic coherences [13]. Controllable OB and multistability
behavior of a DTL atomic system has been studied and phase-
dependent behavior has been obtained in MPR condition [14].
Recently the phase-control of the Goos–Hänchen shift using a DTL
atomic medium has been reported in MPR condition [15].

It is well known that the optical properties of a closed-loop
atomic system, under MPR condition, depend on the relative phase
of applied fields [16]. This is due to the wave mixing of applied
fields which is not generally allowed beyond MPR condition [17].

In this study, we investigate the optical properties of a DTL
atomic system in MPR condition and beyond it. We obtain the
amplification without inversion (AWI) under MPR condition and
control it by the relative phase of applied field via the phase
conjugation effect. Using the Floquet decomposition, the time-
dependent differential equations of motion are solved beyond
MPR condition. We find that in general the optical properties of
the system are not phase-dependent. Moreover, the gain-assisted
superluminal light propagation is obtained in this system. More-
over, the OB behavior of the system is calculated beyond MPR
condition. Finally, by applying an indirect incoherent pumping

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/jlumin

Journal of Luminescence

http://dx.doi.org/10.1016/j.jlumin.2014.01.068
0022-2313 & 2014 Elsevier B.V. All rights reserved.

n Corresponding author. Tel.: +98 241 5152521; fax: +98 241 5152264.
E-mail address: mahmoudi@znu.ac.ir (M. Mahmoudi).

Journal of Luminescence 151 (2014) 11–17

www.sciencedirect.com/science/journal/00222313
www.elsevier.com/locate/jlumin
http://dx.doi.org/10.1016/j.jlumin.2014.01.068
http://dx.doi.org/10.1016/j.jlumin.2014.01.068
http://dx.doi.org/10.1016/j.jlumin.2014.01.068
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2014.01.068&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2014.01.068&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlumin.2014.01.068&domain=pdf
mailto:mahmoudi@znu.ac.ir
http://dx.doi.org/10.1016/j.jlumin.2014.01.068


field to the system, it is demonstrated that the group velocity of
light pulse as well as the OB behavior can be controlled by
intensity of either coherent or incoherent pumping fields.

2. Theoretical analysis

2.1. Model and equations

We consider a DTL system with two degenerate ground states
j1〉 and j2〉 and two degenerate excited states j3〉 and j4〉. The
transitions j1〉�j3〉 and j2〉�j4〉 with identical mF (with central
resonance frequency ω31 ¼ω24) are excited by a π-polarized
control field E

!
cðt; yÞ ¼ Ecêzexp½� iðωct�kcyÞ�þcc with Rabi

frequency Ωc ¼DEc=ℏ. A s polarized probe field E
!

pðt; yÞ ¼
Epêxexp½� iðωpt�kpyþϕÞ�þcc with êx ¼ ðê� � êþ Þ=

ffiffiffi
2

p
and Rabi

frequency Ωp ¼DEp=ℏ is applied to the transitions j1〉�j4〉 and
j2〉�j3〉 with different mF as shown in Fig. 1(a). Here D denotes the
dipole moment element of transitions. The parameter ϕ is the
initial relative phase of applied fields. As a realistic example, we
consider F1=2-F1=2 transition (e.g. 2S1=2F1=2-

2P1=2F1=2 transition
of 6Li at 671 nm) excited by two co-propagating, linearly polarized
laser fields [11–13].

The density matrix equations of motion in the rotating wave
approximation and in the rotating frame are given by

i _ρ11 ¼ ½ðΩcρ13þΩpρ14e
� iΦðt; r!ÞÞ�cc�þ i Γðρ33þ2ρ44Þ=3

i _ρ22 ¼ ½ð�Ωcρ24þΩpρ23e
� iΦðt; r!ÞÞ�cc�þ i Γðρ44þ2ρ33Þ=3

i _ρ33 ¼ ½�ðΩcρ13þΩpρ23e
� iΦðt; r!ÞÞ�cc�� i Γρ33

i _ρ44 ¼ ½ðΩcρ24�Ωpρ14e
� iΦðt; r!ÞÞ�cc�� i Γρ44

i _ρ31 ¼Ωcðρ33�ρ11ÞþΩpe� iΦðt; r!Þðρ34�ρ21ÞþΔ
n

cρ31

i _ρ42 ¼Ωcðρ22�ρ44ÞþΩpe� iΦðt; r!Þðρ43�ρ12ÞþΔ
n

cρ42

i _ρ12 ¼�ðΩcρ14þΩn

cρ32ÞþðΩpe� iΦðt; r!Þρ13�Ωn

pe
iΦðt; r!Þρ42Þ� i Γzgρ12

i _ρ34 ¼�ðΩcρ14þΩn

cρ32Þþð�Ωpe� iΦðt; r!Þρ24þΩn

pe
iΦðt; r!Þρ31Þ� i Γzeρ34

i _ρ41 ¼Ωcðρ21þρ43ÞþΩpe� iΦðt; r!Þðρ44�ρ11ÞþΔ
n

cρ41

i _ρ32 ¼ �Ωcðρ12þρ34ÞþΩpe� iΦðt; r!Þðρ33�ρ22ÞþΔ
n

cρ32 ð1Þ
where Δc ¼Δcþ iΓd; Δc ¼ω31�ωc , Φðt; r!Þ¼Δ t�ðkpêy�kcêyÞU
r!þϕ and Δ¼ωp�ωc . All the coherence except the ones between
Zeeman levels relax with the rate Γd. In the absence of non-
radiative dephasing processes, Γd reduces to Γ=2. The excited
state Zeeman coherence ρ34 and the ground Zeeman coherence
ρ12 relax with the rate Γze and Γzg , respectively. In pure radiative
dephasing ðΓze ; ΓzgÞ reduces to ðΓ ;0Þ [12]. The decay rates from
excited states to the ground states are assumed Γ=3 for identical
mF and 2Γ=3 for different mF . Eq. (1) can be simplified, due to the
symmetry of the system, by a suitable change of variable. We
define new variables as

ρp ¼ ρ32þρ41; ρc ¼ ρ31�ρ42; pg ¼ ρ11þρ22;

pe ¼ ρ33þρ44; ρzg ¼ ρ12�ρ21; ρze ¼ ρ34�ρ43: ð2Þ

Then Eq. (1) reduces to

i _pg ¼ ðΩcρn

c þΩpe� iΦðt; r!Þρn

p�ccÞþ i Γ pe � iR pg

i _ρc ¼Ωcðpe�pgÞþΩpe� iΦðt; r!ÞðρzgþρzeÞþΔ
n

cρc � iR ρc

i _ρp ¼ �ΩcðρzgþρzeÞþΩpe� iΦðt; r!Þðpe�pgÞþΔ
n

cρp � iR ρp

i _ρzg ¼ ð�Ωcρn

pþΩpe� iΦðt; r!Þρn

c þccÞ� i Γzg ρzg

i _ρze ¼ ð�Ωcρn

pþΩpe� iΦðt; r!Þρn

c þccÞ� i Γze ρze ð3Þ

Parameter R denotes the indirect incoherent pumping rate
which is applied to the probe transitions.

2.2. Linear susceptibility and group velocity

The response of the system to the probe fields is determined by
the susceptibility χ ¼ χ'þ iχ″, which is defined as [18]

χðωpÞ ¼
2α0Γd

kp

ρpðωpÞ
Ωp e� iφ ð4Þ

where α0 ¼N D2ωp=ð2cℏε0ΓdÞ and kp ¼ωp=c. N is the atom
number density in the medium. The real and imaginary parts of
χ correspond to the dispersion and the absorption, respectively.
The transition rate and dipole moment of the probe transition can
be considered as Γ ¼ 37 MHz and D¼ 2:81� 10�29 cm, respec-
tively. Then the atom density N¼ 4:36� 1011 atom=cm3 and probe
Rabi frequency jΩpj ¼ 0:01 Γ, lead to 2α0Γd=kpΩpffi1.

The group velocity of light pulse is determined by the slope of
dispersion. We introduce the group index ng ¼ c=vg , where the
group velocity vg is given by

vg ¼ c
1þð1=2Þχ'ðωpÞþðωp=2Þð∂χ'ðωpÞ=∂ωpÞ

¼ c
ng

: ð5Þ

In a dispersive medium, the refractive index depends on the
frequency and then the different frequency components of a light
pulse experience the different phase velocities. Therefore the
group velocity of light pulse in such a medium can exceed the
velocity of light in vacuum which in general leads to the super-
luminal light propagation. In our notation the negative slope of
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Fig. 1. (a) Schematic diagram of DTL system. (b) Unidirectional ring cavity with DTL
sample of length L. EIp and ETp are the incident and transmitted fields, while E

!
p and

E
!

c are the probe and control fields, respectively. For mirrors 1 and 2 it is assumed
that RþT ¼ 1 and mirrors 3 and 4 have perfect reflectivity.
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