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Abstract

Electromagnetically induced transparency (EIT) is a phenomenon in which one
resonant laser beam propagating through the medium will get absorbed, but when two
resonant laser beams propagate simultaneously through the same medium, neither will
be absorbed due to the quantum interference between them, and the opaque medium is
turned into transparent one. The aim of this dissertation is to develop general
theoretical models to study the modification of EIT and its applications in both
homogeneous (radiative) and Doppler broadened media comprising multilevel
systems such as those formed with inclusion of one or more additional levels and
additional fields in the basic three level lambda (A), vee (V) and cascade (ladder- =)
systems. In Chapter 2 we study wavevector mismatch effects (arising due to counter
propagating probe-coupler wavevector mismatch along v, direction) on EIT in four-
level Y-type (dual-ladder) system. In Chapter 3, we explore the feasibility of attaining
simultaneous dual electromagnetically induced transparency and efficient nonlinear
generation in different configurations of Doppler broadened diamond (double-
cascade) systems. In Chapter 4, we propose a simple and easy to implement scheme
for superluminal (and subluminal) light propagation of both probe and signal fields in
a radiative and Doppler broadened medium comprising highly symmetric double
ladder (¢) systems. Chapter 5 deals with study of effect of various wavevector
mismatch regimes (depending upon choice of control field transitions) on EIT of a
probe field in a Doppler broadened five-level (K-type) and in four-level (Y-type,
inverted Y-type) systems of ®Rb atomic medium. Summary and conclusions are
presented in Chapter 6.
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Chapter 1

Introduction

1.1. Introduction

Absorption and dispersion properties of a monochromatic light (probe) whose
frequency is near resonance with frequency separation between two levels of an
atomic transition can change drastically if transitions to other atomic levels are also
included. This is the case, for instance, in three level atoms where an additional
transition to either a meta-stable ground (A- configuration) or stable upper state (Z -
configuration) is driven by a relatively strong laser (control) field. Under these
circumstances it was found that the absorption of the resonant probe laser is highly
reduced as it propagates through an otherwise opaque medium. This phenomenon,
termed electromagnetically induced transparency (EIT) [1, 2] is actually a
manifestation of laser-field-induced atomic coherences and interference effects. For a
given (two-level) transition process it is seen to arise from destructive interference
between alternative laser-induced atomic transition amplitudes (or atomic coherences)
when the frequencies of the two applied laser beams fulfill two-photon (or Raman)
resonance condition. For near resonance lasers, this two-photon resonance condition
can be achieved by letting a frequency detuning of one laser from its resonant

transition be equal to a frequency detuning of the other laser.

The foundations of EIT were laid in an early work of Tewari and Agarwal [3]
who in 1986 and the later works of Kocharovskaya and Khanin in 1988 where they
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reported “Coherent amplification of an ultrashort pulse in a three level medium
without population inversion” [4] and Steven Harris and coworkers who reported
“Lasers without Inversion: Interference of Lifetime Broadened Resonances” in 1989
[5]. However the first experimental observation and theoretical formulation of actual
EIT in optically opaque strontium vapor was done by the Harris group in 1991 [1].

The basic interaction schemes of atomic levels and laser fields initially
employed for studying EIT effect are the simple three level lamda (A), vee (V) and
cascade (ladder - Z) systems in which the resonant one-photon (probe) transition takes
place between states of opposite parity. The interaction schemes however are
somewhat different in each of these three level systems. For example in A- scheme [1,
6, 7] two ground states are coupled by two fields through a common single upper
level. Whereas in V- scheme [8] two higher levels are coupled by two fields via a
single ground level and in ladder or cascade (£) scheme [9] an upper level is coupled
with the ground level through an intermediate level. Obviously these atomic systems
display EIT effects under distinct actions of driving fields. All the above mentioned
three or higher level schemes can readily be realized in various media such as, the
alkali vapors [2] semiconductors [10] and in solids [11].

The immense interest in laser-field-induced coherences and the ensuing
interference effects stems from the fact that they may serve as very useful and
important tools in atomic physics and optical physics [2, 12, 13] for both their
fundamental features and potential applications. In addition to electromagnetically
induced transparency [1, 2] laser-induced coherence and interference effects on the
two-photon Raman transition also give rise to many other interesting phenomena such
as coherent population trapping [14] lasing without inversion [4, 5, 15]
electromagnetically induced focusing and defocusing [16] and quantum computation,
communication [17]. Apart from nearly zero absorption at resonance, strong
dispersion near resonance is also equally interesting as the steepness of the dispersion
function [18] near resonance plays the key role for reduction of group velocity of light
pulse in the medium [19] and is directly related to the line width of the EIT resonance.
Furthermore EIT can be also used for enhancing nonlinear optical processes including
nonlinear frequency conversion [20] and high-resolution spectroscopy [21]. In
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addition, EIT can be used in squeezed-light generation [22], low-light-level photon
switching [23] and in entanglement generation [24]. Very narrow EIT resonances are
also of immense interest for important applications in sensitive magnetometer [25],

precision spectroscopy [26] and frequency standards [27].
1.2. Motivation

As mentioned above the early works on EIT primarily focused on one-photon
transitions between states of opposite parity in simple three level lamda (A), vee (V)
and cascade (ladder - Z) systems. It is natural to expect that higher (than three) or
more involved levels structure of atomic system might generate further interesting
effects. More complicated level structures such as four-level double Lambda (N)
configuration [28], four-level atomic system of diamond (¢) configuration [29], tripod
type four-level system [30], the Y [31] and inverted-Y systems [32], and the N-type
system [33] etc., are formed by inclusion of an additional fourth level in three level
atomic systems which creates additional controllable optical channel. This additional
controllable optical channels provides the double-EIT for controlling two independent
probe channels [28], four-wave mixing (FWM) process and enhanced frequency
conversion [34], polarization qubit phase gate[35] and Five level schemes are also
proposed to generate double-EIT and optimal cross phase modulation [36]. The
formation of double EIT windows [37] in these is of interest for its applications in six-
wave mixing processes [38], storage of light pulse in two channels [39], quantum
switching [40], and entanglement generation [41]. Hence it is evident that currently
there is considerable interest in the study of EIT and its effect on nonlinear optical

interactions in multilevel systems of various configurations.

There however appears to be no explicit study of EIT especially when the
systems are Doppler broadened. It would be of interest and important such an
analysis, since gaseous atomic media are often used for experimental investigations of
the EIT and nonlinear optical processes associated with it. Residual Doppler width of
two-photon coherence as well as the Doppler broadening of one-photon coherences
arising due to random thermal motion of atoms in a gaseous medium can significantly

affect EIT and the associated nonlinear processes. It is therefore essential to examine
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EIT as well as the other nonlinear processes such as for example four wave mixing in
various Doppler broadened four-level atomic system driven by two additional (pump
and coupler) fields.

Our aim to studying modification of EIT and its applications in multilevel
systems such as with inclusion of an additional levels in three level lamda (A), vee
(V) and cascade (ladder- =) systems in both homogeneous(radiative) and Doppler
broadened medium. In radiative broadened medium the finite lifetime of the excited
state leads to a broadening of the spectral line. In Doppler broadened medium the
random thermal motion of the atoms gives rise to Doppler shifts in the observed
frequencies, which leads to a broadening of both two-photon coherence as well as the
one-photon coherences which then causes line broadening. We considered different
multilevel atomic systems such as four-level Y-type atomic system driven by two
strong laser (coupling) fields for study of EIT of a weak probe field in negative
residual Doppler broadened medium. A four-level double ladder atomic system
consider for study of simultaneous EIT (DEIT) and propagation characteristics of
probe and signal generated via nonlinear optical processes such as four wave mixing.
The same double ladder configuration is used for studying subluminal and
superluminal light propagation for both probe and signal fields in extended Doppler
broadened medium. Finally we studied the absorption properties of a probe field in
five-level K-type atomic system interacting with three additional strong coherent
coupling (control) laser fields with 8’Rb atomic medium.

1.3. Interaction of electromagnetic wave with matter

The theoretical explanation of light and the interaction between light and
matter is given by Maxwell’s electromagnetic theory and the quantum. The combined
theory is known as quantum electrodynamics. We present the general methods to

describe the basic interaction process between the light and atoms.

1.3.1. Maxwell’s equation for the propagation dynamics of a classical EM

wave

The electromagnetic field radiation propagation through the medium is

governed by Maxwell’s equations [42]



Chapter 1. Introduction

V-D=0 (1.1)
V-B=0 (1.2)
VxE=-12 (1.3)
VxH=2% (1.4)

Here D is the electric displacement, E is the electric field, H is the magnetic field and

c is the speed of light in vacuum. The electric displacement D and the magnetic

induction B are defined as
D = E+4nP, B = H+4nM (1.5)

where P and M is the macroscopic polarization and magnetization of the medium
respectively. If the systems consider under non-magnetic medium, implying M = 0.

In this case B = H. Now make the curl of equations Eq.(1.3) and using the Egs.(1.4)
(1.5), we get

VxVxE+—

62 — — _
S5z (E +4nP) =0 (1.6)
Moreover, in isotropic mediaD = ¢E, where ¢ is the permittivity of the medium.
Therefore from Eq.(1.1), we get V - E = 0. By applying this condition in the above
(triple product) Eq.(1.6), then the equation reduced to

V2E _ LOE _ 4n0’P (1.7)

c2 ot? c2 ot?
In the following calculations we consider a plane wave, propagating along the z-
direction in the medium

E(z,t) = 2(z, t)eikz—0 4+ ¢ ¢, (1.8)

where £(z) is the amplitude of the field with frequency w, propagation wave vector K

(k = |E|). For continues wave laser, the time dependent of £ is negligible. If the

electric field is written as in Eq.(1.8) then the response of medium is given by the
polarization

P(z,t) = p(z, t)eikz—ot) 4 ¢ ¢, (1.9)
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where p is a slow varying function of position and time. From Eq.(1.7) with the field
propagation along z-direction as in Eq.(1.8), the corresponding equation can be

rewritten as

0%E 1 02E _ 4nd2P
972 2 92 c? ot? (1.10)

From Eq.(1.8 and 1.9) the slowly varying variables, £(z, t) and p(z,t), vary at a rate
much slower than the carrier frequency w and k = cw is the propagation constant at

this frequency. These quantities vary slowly in both time and space such that the
following relations are satisfied:

) 6£(z,t)| 62£(z,t)| 2 |6p(z,t)| 9°p(z.t)
K2le(z, )] >> k [P0 >> |ZEE0] k()] >> ke [0 >> |72

) de(z,t) 0%¢(z,t) 2 dp(zt) 9°p(z.t)
wile(z O >> w; |— | >> |77 wilp(z, )] >> w; | It | ST

This is called the slowly-varying envelope approximation (SVEA). Using the SVEA
Eq.(1.10) reduces from a second-order to a first order partial differential equation,

—+ ot = 2inkp (1.12)

1.3.2. Formulation: Density matrix equations of motion

To study EIT effect in atomic systems interacting with coherent fields, we
followed a semi classical approximation (where electromagnetic fields are treated
classically and atom is a quantum object) through which density matrix analysis is
considered. This allows us to examine the quantum mechanical atomic coherences
and interference effects with the incorporation of various depahsing processes
occurring in the atomic medium. As the atomic susceptibility is directly related to
atomic coherence established between the levels, it is possible to investigate the
absorption and dispersion properties of the system.

Interaction Hamilton:

The Hamiltonian for the combined atom and field system is H=H, +V,

where H, is the unperturbed Hamiltonian with the property
Holi) =Wilj) (1.12)

6
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W, being the energy of the level | j ) and the field-atom interaction term V is given in

the electric dipole approximation as
V=, E(®) (1.13)
Here, the total electric field E(t)can be written as
B = ZE® =3 [&elTed+cc], (1.14)

where o (g;) is the frequency (amplitude) and Eg is the wave vector of the field
E,(t), and ﬁij is the electric dipole matrix element is given by ﬁij: (ilglj).
The interaction Hamiltonian V in the interaction picture (denoted V"t ) is given by

i

yint — e(h)Hot(_ﬁij . E)e—(%)ﬂot (1_15)

The time evolution of the density matrix of the system in the interaction

representation is
p=(3) [o. V"] = () Vit = vintp) (1.16)
The equation of motion of ij-th element of the density matrix is
by = () [l V™) = (3) ilov™ i) = (vimpli)) — @@17)

Inserting an orthonormal set of states |m) that, obey the completeness property

Y lm)m| =1 between p and V™ (V'™ and p) in the above equation, we get

B = () Zm {Prn Vit = Vitp, ) (1.182)
where py = (ilpli) and Vi = (m[vi™t[n) (1.18b)

The equation of motion Eq.(1.16) can be generalized further to include the various

incoherent processes as

5 = (3) Zm {Pin VER" =~ Vi Py} + (Pyretan (1.19)
Here the term (pij)relax includes various relaxation process such as the spontaneous

decays (yij) of levels, radiative decay and collisional depahsing of off-diagonal
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elements (yij;i # J), line width of probe (yp) and pump (y,) lasers etc. that lead to

homogeneous broadening. Inhomogeneous broadening caused by Doppler shift of
atomic resonance owing to thermal motion of atoms can be incorporated by replacing

the derivative pij on the left-hand side of Eq.(1.19) as

X R
by > {2+v.7} Py (1.20)
where V is the atomic velocity.

Incorporating the effect of atomic motion in Eq.(1.19), the density matrix equation of

motion can be written as,
(a +Vv: V) pij = (é) Zm {Pimvm} - V=nmtpmj} + (Pij)relax (121)

Eq.(1.21) describes dynamic equation of motion with inclusion of effects of atomic
velocity and other relaxation processes. The dynamics of light-atom interaction can be
fully described by Eq.(1.21) together with Eq.(1.11).

1.3.3. Induced macroscopic polarization

The density matrix elements can be used for calculating the expectation values
of all operators (measurable quantities) such as population, absorption and refractive
index. This is because the density matrix can be related to macroscopic polarization
i.e., the ensemble average of the induced dipole moment per unit volume in a medium
of atomic number density N. Thus in terms of density matrix elements, the
macroscopic polarization P can be expressed as

where K is the dipole matrix element for the transition from level i to j. This shows

that since u, =0, the induced (macroscopic polarization) in the medium is

proportional to coherences (off-diagonal elements) Py

In a Doppler broadened medium, all moving atoms regardless of their velocity
or their places of excitation contribute to the macroscopic polarization induced in a
medium consisting of moving atoms. Therefore, it is necessary to include averaging

over their velocity distribution in addition to the times of excitation. Hence, assuming
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the velocity distribution along the line of the axis (taken to be the z-axis) defined by
the Maxwellian, we define the density matrix elements by integration over the
velocity distribution. The macroscopic polarization P in a Doppler broadened medium

can be given as,
P=NTr(u<p>)=NXlw; <p; > (1.23)

Here angular brackets < > denote averaging over thermal velocities i.e.,< Py ==
J py(ydv.

The induced macroscopic polarization B(z 1) in Eq. (1.9) can be rewritten as
B(z,t) = 5 8(z, t)eike=o + ¢ ¢ (1.24)

where y is the electric susceptibility and £(z,t) is the optical field strength inducing
the polarization. Equating equations (1.22) or (1.23) with (1.24) allows the
susceptibility related to the density matrix elements.

The susceptibility of the medium is related to the one-photon coherence (velocity

averaged) is given as,

_ 4-1'[N||.Lji|2 <pjj>
X=—0 o (1.25)

where Q :ﬁij -g¢/his the Rabi frequency of the field. It is well know that the

imaginary part of the susceptibility gives the absorption and real part gives the

dispersion of the weak probe field.
1.4. Line Broadening Mechanisms in EIT

The term line broadening is used to denote the finite spectral width of the
resonance of atomic system to electromagnetic fields. The radiation emitted in atomic
transitions is not perfectly monochromatic. The shape of the emission line is
described by the spectral lineshape function. The most important parameter of the
lineshape function is the full width at half maximum (FWHM) Aw, which quantifies
the width of the spectral line.
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The main line broadening mechanisms that can occur in gases, namely:
» Homogeneous broadening
* Inhomogeneous broadening

In homogeneous broadening case, all the individual atoms behave in the same
way and produce the same spectrum, the cause of homogeneous broadening in EIT is
due to spontaneous transitions or nonradiative transitions, broadening due to the
interaction with an electromagnetic field (power broadening), phase perturbing
(elastic) collisions, laser line widths etc. Physically this would correspond to
experiments carried out in either a “‘cold’ atomic sample (Bose Einstein condensate,
optical trap) or in an atomic beam. In inhomogeneous broadening case, the individual
atoms behave differently and contribute to different parts of the spectrum,
inhomogeneous broadening occurring in EIT resonance is due to Doppler shift of
atomic resonance (Doppler broadening) caused by thermal motion of atoms in a gas
medium. The spectral lineshapes are different in both the broadening cases, that
homogeneous mechanisms generally give rise to Lorentzian lineshapes, while

inhomogeneous processes tend to produce Gaussian spectral lines.
1.4.1. Lifetime (radiative) broadening

Light is emitted when an electron in an excited state drops to a lower level by
spontaneous emission. The rate at which this occurs is determined by the radiative
lifetime t. The finite lifetime of the excited state leads to a broadening of the spectral

line in accordance with the energy-time uncertainty principle:
AEAt > h (1.26)
On setting At =1, we then deduce that the amount of broadening in angular-

frequency units must satisfy:

AE
A =— >
(O] n =

a |l

(1.27)

Since this broadening mechanism is intrinsic to the transition, it is alternatively called
natural broadening or simply radiative broadening. In radiative broadening the

FWHM is given by: Yy=A (1.28)

Ojifetime — 7

10
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1.4.2. Doppler broadening

Doppler broadening originates from the random motion of the atoms in the
gas. The random thermal motion of the atoms gives rise to Doppler shifts in the
observed frequencies, which then causes line broadening. The broadening caused by
the Doppler mechanism can be quantified by considering the light emitted by an atom
moving with velocity component v, towards the observer. If the transition frequency

in the rest frame of the atom is ®g, the observed frequency will be Doppler shifted to:
— vz
o= (1+%) (1.29)
The Maxwellian velocity distribution of atoms with velocity between v, and v, +
dv, is given by,
M(v,) = {/In2/(@v?)exp(—In2 v,2/v?), (1.30)

where V = vIn2 vy, and vy, = +/2kgT/m, is the most probable thermal velocity at a
temperature T of an atom of mass m,. In Doppler broadening medium the FWHM is

given by,

(2In2)kBT)1/2 _4n ((2In2)kBT)1/2 (131)

Yp = KoV, = Aw = 20)0( 2 = -

Doppler A

If an experiment is carried out in a gas cell, we must include the effects of Doppler
broadening as we would expect that Doppler broadened line shape is much broader
than that of the homogeneous line shape. The Doppler linewidth in a gas at STP is
usually much larger than the natural linewidth. For example, the Doppler linewidth of
the 589.0 nm line of Sodium at 300K works out to be 1.3 GHz, which is about two
orders of magnitude larger than the 10 MHz natural broadening due to the radiative
lifetime of 16 ns. The dominant broadening mechanism in low-pressure gases at room
temperature is therefore usually Doppler broadening, and the lineshape is closer to

Gaussian than Lorentzian.

11
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1.4.3. Effect of wave-vectors mismatch on probe transparency (or absorption)

In Doppler broadened (hot) atomic vapors, particularly at low densities, the
availability of large mean-free path for thermal motion of atoms can lead to a
substantial Doppler broadening of one and two-photon transitions. In Doppler
broadened medium the probe transparency (or absorption) characteristics are
governed by nature of the residual (two-photon) Doppler broadening and mismatch
k, — K¢, of applied probe and coupling field wave-vectors k, and k. respectively. This
is because realizing perfect Doppler-free two-photon transition in real atomic (EIT)
systems is not feasible due to a rather large dissimilarity between the wavelengths (or
wave-vectors) of the (upper) transition driven by strong coupling field(s) and the
(lower) transition connected by the weak probe field. As EIT requires two laser
beams, ideally the beam geometry should be set so that the Doppler shifts for the
probe and coupling beams cancel. However based on that (beam geometry) the two-
photon Doppler broadening can be reduced to a large extent with the use of counter
propagating pump and probe geometry in ladder-type systems and co-propagating
pump and probe geometry in lamda-type systems.

It therefore would be of interest to assess the influence of the various regimes
of wave vector mismatches in the Doppler broadening medium on probe transparency
(absorption) characteristics in various systems. The three different mismatch regimes
which occurs in the Doppler broadening medium are,

(i) k= ke
(ii) K, < ke
(iii) k, > K,

Although residual (two photon) Doppler broadening effect can be significant in
experiments on EIT in atomic vapors, it was found that the nature of EIT in (a three-
level ladder) atomic system depends critically on the sign of the two photon residual
Doppler width 6k = (k, — k.) which, depending on the probe and pump (control)
field wave-vector mismatch, is either positive (k, > k.) or negative (k, <k.) and is
markedly dissimilar in these two cases. Gea-Banacloche et al., [43] Shepherd et al.,
[44] and Boon et al. [45] theoretically and experimentally studied the role of two-

12
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photon residual broadening in EIT in ladder-type inhomogeneously broadened media
and identified ways to optimize the absorption reduction effect for various regimes of

coupler and probe wavelength (or wave-vector) mismatch.
1.5. Organization of the thesis

Chapter 1: Introduces the phenomenon of electromagnetically induced transparency
(EIT) along with its applications to some associated nonlinear optical processes.
The motivation for the work and the basic formulation of the problem in the

framework of density matrix formalism is presented.

Chapter 2: This chapter deals with a comprehensive study of the electromagnetically
induced transparency of a probe field in four-level atomic system of Y-
configuration, driven by two strong laser (coupling) fields. Both homogenously
(radiative) and Doppler broadening in the systems are considered. Emphasis is on
examining the effect of residual Doppler broadening on EIT for various cases of
wave-vector mismatches. Depending upon the energy-level separations, these
occur when the wavenumber (frequency) of the coupling field is either equal
(ke = kp), larger (k. > kp), or lesser (k. < k) than that of the probe field. It is
found that in the k. >k, wave-vector mismatch case, the negative residual
Doppler broadening is actually conducive for the observation of
electromagnetically induced transparency in Doppler broadened four level Y-type
atomic systems. Finally the dependence of the width, depth and location of the

probe absorption profile of on system and field parameters is also examined.

Chapter 3: In this chapter we investigate the feasibility of attaining simultaneous
electromagnetically induced transparency (DEIT) and efficient nonlinear
generation in different configurations of Doppler broadened diamond systems such
as, the frequency up-conversion, nearly degenerate and degenerate scheme. We
show that EIT and nonlinear generation efficiency depend critically on the type of
residual Doppler broadening present in each of the two cascade subsystems
constituting the diamond system. Furthermore it is observed that nonlinear
generation with perfect EIT simultaneously in both subsystems is not possible as
the process of nonlinear generation actually tends to oppose EIT. Yet in an

13
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extended medium, we observe that with suitable choice of the driving field
strengths, sufficiently large nonlinear gain can be produced to offset the high
absorption losses and create a steady state (equilibrium) situation in the medium.
Under these conditions both probe and the signal fields propagate in the medium
without further attenuation or gain.

Chapter 4: Here we propose an easy to implement simple scheme for subluminal (or
superluminal) light propagation of both probe and signal fields in a radiative and
Doppler broadened double ladder system driven by two strong laser fields. The
proposed scheme is easier to implement compared with other schemes as it is
based on generation of nonlinear gain large enough to compensate for the
absorption losses. This can be done simply by appropriate choice of strengths of
the two strong laser fields. Further we observe that the under suitable choice of
driving field strengths both the fields probe (signal) are matched in intensity and
create a steady state (equilibrium) situation in the medium. Finally we presented
the propagation measurements for the two weak fields probe (signal) and observed
simultaneous slow and superluminal light propagation.

Chapter 5: This chapter deals with the electromagnetically induced transparency
(EIT) of a probe field in a Doppler broadened five-level(K-type) ®’Rb atomic
medium where the intermediate level in a ladder-type atom is coupled with a
higher-excited and ground levels by two strong laser (coupling) fields. This
configuration can be regarded as being composed of three sub-systems of A-type
three-level systems and two sub-systems of ladder-type three-level systems. Effect
of wave-vector mismatch occurring when the coupling field frequency is higher
than that of the probe field frequency (A. <A,) are considered. Under the
influence of the coherent coupling fields, we observe the unusual EIT behavior (at
resonance) of the probe field or double (triple) EIT windows (at near resonance)

depending on the amplitude and the detuning of the coupling fields.

Chapter 6: Finally, this chapter contains a summary and conclusion of the results
obtained in this thesis along with exploration of further possible studies of EIT and

its applications.

14
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Chapter 2

EIT in Four-Level Y-type System

In this chapter we study the transparency of a weak probe field in a four-level
Y-type atomic system with dual ladder-type EIT scheme, interacting with two strong
laser (coupling) fields. Both cold atomic vapor (radiative) and hot atomic vapor
(Doppler broadened) are considered. The crucial dependence of the nature of EIT on
the type of the wave-vector mismatch, originating from the wavelength (frequency)
difference between the probe and coupling fields in Doppler broadening medium is
illustrated in detail. We found that negative residual Doppler broadening case
(i.e.,k. > k) is actually conducive for the observation of transparency in Doppler
broadened four level Y-type atomic systems. The absorption profile of a weak probe
field displays very wide and almost complete single or double EIT windows whose
width, depth can be controlled by manipulating the parameters of the coupling fields.
Analytical results are also obtained to explain these interesting features.

2.1. Introduction:

As mentioned earlier electromagnetically induced transparency (EIT) [1] is
one of the many unusual and interesting phenomena produced by atomic coherence
and interference effects that enable propagation (without significant attenuation) of
light through an otherwise opaque atomic medium. The four-level Y-type atomic
system with dual ladder-type EIT scheme in recent times has been utilized in several
studies by many authors [2-9]. The dual ladder-type EIT (Y-type) system interacting
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with two strong laser (coupling) fields and a low-intensity probe field as shown in
Figure 2.1.

|1)

Figure 2.1: EIT scheme in Four-level Y-type atomic system with dual ladder-type EIT. Here
0, is Rabi frequency of the (weak) probe and (2.4, £2., are (strong) coupling fields
Rabi frequencies. The detunings of the probe and coupling fields from their respective
atomic transitions are A;1= wy; — wp , A3;= W3z — Wy ANA Ay = W4y — Wy

respectively.

As stated earlier, (Chapter 1 section 1.4.3) in atomic vapors the probe
transparency (or absorption) characteristics are governed by nature of the residual
(two photon) Doppler broadening originating from thermal motion of atoms and
mismatch k, — k., of applied probe and coupling field wave-vectors k, and k.
respectively [10,11,12]. It is the usual belief that a Doppler-free medium is essential
for observing reduced probe absorption at much lower coupling (or pump) laser
power. Hence most experiments tend to utilize a two-photon Doppler free geometry
where the coupling and probe beams are counter-propagating and have similar
frequencies so that k, = k. and the residual Doppler width vanishes. Realizing perfect
Doppler free two-photon transition in real atomic systems is not feasible due to rather
large dissimilarity between the wavelengths (or wave vectors) of the (upper) transition
driven by coupling field(s) and the lower transition connected by the probe field. For
example, even the often utilized nearly Doppler free two-photon process involving the

5S1/2 —5P32 —5Ds2 (0r 5Dgp2) transition in Rb [7, 8] has a nonzero (k, < k) residual

20



Chapter 2. Four level dual-ladder system

width of 1.6 MHz [11] which is much larger than the dephasing rate (0.4 MHz) of two
photon transition and thus can significantly affect the probe transparency. On the
other hand it was found that the k, < k. case is actually conducive to observation of
reduced probe absorption [10, 12]. It therefore would be of interest to assess the
influence of the various broadening mechanisms and different regimes of wave vector
mismatches in the inhomogeneous broadening case (particularly when k, <k.) on

probe transparency (absorption) characteristics in a Y-type four level system.

We study transparency of a weak probe field in a Doppler broadened four
level Y-type system interacting with two strong laser (coupling) fields. For
comparison and contrasting, analysis for a homogeneously (radiatively) broadened
four level Y-type systems is also presented. Here we deals with density matrix
formulation, solve for the steady-state density matrix-equations for the Y-type system
to first order in amplitude of a (weak) probe field. Expressions are derived for one-
photon (probe) coherence, susceptibility and absorption coefficient from which
absorption and dispersion characteristics of the probe field can be determined.
Analytical results are derived so as to explain the influence of various broadening
mechanisms as well the velocity selective nature of the probe transparency in different
regimes of wave vector mismatch. It is shown that depending on the amplitude and
the detuning of the coupling lasers, the absorption profile of a weak probe field shows
single or double EIT windows whose location, width, and depth can be controlled by
manipulating the parameters of the coupling fields. Present the numerical results for
probe absorption and dispersion considering the transitions 3Si, —3P3, —4Dsp
(3S12 —3P3, —4Dsp) in sodium atom. These are compared with analytical results

and good agreement is obtained.
2.2. Theory for the four level Y system

2.2.1. Formulation

We consider a dual ladder Y-type four-level atomic system interacting with
three laser fields E,, E., and E., as shown in Figure 2.1. The spontaneous emission

rates from the two nearly degenerate upper states |4), |3) respectively to intermediate
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level |2) are 2y,, , 2y,, and that from level |2) to ground level |1) is 2y,,. The three
laser fields are given by E =€, exp[i(k,.F — opt)] +c.c., Ecy=Ecp expli(Kes T —
®ert)] + ¢ ¢ and E, =, expli(Kep. F — oc,t)] + c.c. The weak probe laser field E,
of frequency w,, wave vector Ep and Rabi frequency Q, = (ii,;.&,)/ h is applied to
the |1) - |2) transition. The transition |2) — |3)(]2) — |4)) is being driven by
coupling laser field E.,(E.,) of frequency we; (., ), wave vector Ke,(Ke, ) and
Rabi frequency Q¢; =( I, &)/ b (Qc, =( 1,,-Ec2)/ B). Here 1, , 1i,.and 1, are
dipole moments of |2) - |1), |3) — |2) and |4) — |2) transitions respectively.
2.2.2. Interaction Hamiltonian:

Using Eq.(1.15) the interaction Hamiltonian in the interaction picture and
under rotating wave approximation is obtained as

yint = _h[Qpei(Kp.ﬂAth) | 2)(1 | + chei(ﬁclﬂAnt) | 3)(2 |
+Q ikt [ 4)2] +H.c.], (2.1)

where A= mp1 — @y , A3;= 03— 0 and Ay = w4, — 0, denote the detuning
of probe and coupling fields frequencies from the atomic resonance frequencies

21, ®3, and w4, respectively and | i )] | (i, j =1, 2, 3, 4) are the atomic raising or

lowering operators.
2.2.3. Density matrix-equations of motion

The equations describing time evolution of the slowly varying components of

the density matrix elements P;), can now be written using Egs.(2.1) and (1.18b) in Eq.

(1.21) and appropriate transformations to eliminate fast oscillating (exponential) terms

as,

By =182 + Ky V)47, 15, + Q0 (p, ,Pyp) ¥ 19644, + Q5P (2.23)
f331:_[i(A21 + Az + (Ep + R)cl)-v)"’Y32]1531"'ch1}521' 1Q,p.,, (2.2b)
By =—li(Ag1 + D) + (Kp +Kez)- V)47, 15, QP , -1005, . (2.20)
532:_[iA32 * Ecl' VH(r,, + 732)]532'iQ;531+ch1(922'P33)'ch21534, (2.2d)
B, = [10gs + Kea VH (1, + 7,015, Q2 (P, )10 P, 191 P s, (2.2¢)
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643:_[i(A42 - A32) + (kCZ - kCl)'v)+(Y42 + ’Y32)]§43- iQ:1642+iQC2523! (22f)

P11 ™ 2751 P HIQpP,, - 1P, 5, (2.29)
{)22: 2Y42p44+2Y32p33-2Y21p22+ iQpﬁlz' iQClﬁzs

+ iQCZﬁM' iQE‘521+iQ21532'iQ22542 (2.2h)
P33 =2V 35P 3+ 1Qe1Pyp+ 1Qc1P5,, (2.2i)
Pas=—2Y,5P 4y 192D, + 1Qc2P,,, (2.2j)

Our aim is to determine the wvelocity averaged first-order one-photon
coherence 1, = | P,, (v)dv3; the imaginary and the real parts of which describes
probe absorption and dispersion respectively, in dual ladder Y-type four level system.
We solve the above set of density-matrix equations in the usual limit of a weak probe
and an arbitrarily strong coupling (or ‘control’) fields using the following approach.
Initially all the population is in the ground level |1) with a Maxwellian velocity
distribution. We assume the probe to be sufficiently weak so as not to induce any
population transfer to upper levels. Thus the zeroth-order solution obtained from

Eq.(2.2) in the absence of probe (i.e., putting 2, = 0) is
P, = M(V), (2.3)

and all other zeroth-order matrix elements vanish.

\/% exp(-In2%), (2.4)

2kpT

where

M(v) =

<~

is the Maxwellian velocity distribution of atoms with v = +/In2 vy, and vy, =

a

is the most probable thermal velocity at a temperature T of an atom of mass m,.The
relevant first-order (i.e., to leading order in probe amplitude) density-matrix equations

are found as

ﬁgll):_[i(Aﬂ + kp'V)J’Yzl]521+i9ppﬁ)+i§2215§1)+ iQZzﬁfﬁ)’ (2.52)
P =—[i(B21 + Agz + (Kp + Kea) V) +y,, 10, +iQci P57, (2.5b)
P=—[i(Ag1 + Ayz) + (Kp +Kez) V) 4y, 1, QP (2.5¢)
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The steady-state solution obtained by setting the time derivates to zero on the
left-hand side of Eq.(2.5) yields the velocity averaged one-photon coherence as

1 _ <0 3 Asz1(V)As (V)M(v)dv3
1 = By (V) AV = 0, [ A (V0T A (O (2.6)
where
Agr (V) = i(Ag; + Ky V) + 7, (2.73)
Az (V) = i{(8g1 + Agp + (Kp +Kep). V)3 + Yo (2.7b)
Ay (v) = i{(A21 +A4) + (kp + kcz)-v} Y40 (2.7¢)

In the above equations Zyij are the spontaneous emission rates from level |i) - |j) (i, j

=1- 4). In EIT-experimental situations typically one considers an arrangement of

probe and coupler fields counter-propagating along z axis. For this experimental
configuration we can henceforth set the terms (k,, + K¢;).V = (k, — kj)V, (i = 1, 2)
in and Ep.v = kv, in EQ.(2.7) and consequently the velocity integration in Eq.(2.6)
reduces to a one dimensional integral over velocity v, .

2.2.4. Susceptibility and Absorption coefficient

The susceptibility of the medium (Chapter 1 section 1.3.3) is related to the
velocity averaged one-photon coherence as follows:

X = N |1121|2 < 1211)

hyp \Qp/Yp

), (2.8)

where N is the atomic density of the vapor and v, (= k,V) is the Doppler width in the

system. As is well known, the imaginary (Im(y)) and real (Re(y)) parts respectively

of the susceptibility y give the absorption and dispersion of the probe field.
Transmission of the probe beam through a vapor cell of length L is governed by
Io(L) /15(0) = exp(a,L). (2.92)

where I(L) and 1(0) respectively, are the output (at z = L) and input (at z = 0) probe
beam intensities and the probe absorption coefficient is given by

op = —% Imag( ). (2.9b)
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2.3. Analytical Results

2.3.1. Radiatively (homogenously) broadened medium

We analyze probe absorption (transparency) characteristics to arrive at
conditions for EIT in a radiatively (homogenously) broadened medium. Result for this
case can be derived from Eq.(2.8) by dropping velocity dependent terms and

performing the velocity integration using Eq.(2.4) as follows:

v i

b = , I (2.10)
Qp FiAg+ 1Qcql 1Qc2l

21 Y32+ (A21+432) * v4,+i (A21+442)

Y21

The above expression reveals the existence of two two-photon resonances in probe
absorption profile as a function of probe detuning. Evidently the one occurring at
A,= —A3, corresponds to the transition |1) — |2) — |3) whereas the other occurring
at A,;= —A,, corresponds to |1) — |2) — |4) transition of the four level Y system.
Thus the four level Y system derives contributions from two distinct three-level
cascade subsystems which can be strongly coupled or decoupled by manipulating the

coupling field detunings or Rabi frequencies.

For instance let us consider the case, in which both the coupling fields have
same detuning given by, A (= A;,= A,,). In this case a single two photon resonance
that occurs at A,;= —A has contributions from both subsystems. For this case it is
also clear from expression (2.10) that if the Rabi frequencies of the coupling fields are
sufficiently large, so that the following criterion is met:

2 2
Y21 K M + M’ (211)
132 Y42

the probe absorption is considerably reduced at the position of the two photon
resonance A,,;= —A. Furthermore, in the exact resonance case, that is, when the
coupling fields are tuned to exact resonance A;,= A,,= 0, the EIT resonance is
centered around the probe detuning A,;= 0. Implementation of the criterion specified

in Eq.(2.11) would require choosing either very large [Qc |?, Q. |* or very small y.,

and v,,.
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Since at higher powers of the coupling fields, resolution of the Autler Townes
(AT) doublet [13] which arise from splitting of the intermediate level |2) tends to
obfuscate EIT effects, it is essential to choose systems in which two photon dephasing

parameters y,, and y,, are very small in order to enable observation of EIT.

On the other hand when detuning of both the coupling fields are different,
As,#+ A4, the two subsystems are decoupled [2, 7, 8] because tuning the probe
frequency detuning to a particular two-photon resonance will render the other non-
resonant with a large detuning. Eq.(2.10) shows that then the contribution from non-
resonant term can be ignored and consequently the Y system reduces to a single three
level cascade system with absorption and dispersion properties governed by the Rabi

frequency and two-photon dephasing rate in that system.
2.3.2. Doppler broadened medium

When the medium is Doppler broadened the two photon detuning is affected
by residual Doppler broadening. The result for a Doppler broadened Y system is
obtained from Egs.(2.6) and Eq.(2.7) for counter-propagating (along z axis) coupling

and probe fields configuration as
1

2L = {dv, M(v,)

Qp

i
x 5 5 . (2.12)
Yoq +i (B21+kpvy)+ 12| + 19|
21 217 %p Yz Y30+i(A21+832)+i(kp—Kc1)vz V42 +i(A21+442) +i(kp—Kkc2)vz

Comparing above result (Eq.(2.12)) with that of a radiatively broadened case given by
Eq.(2.10), we can draw the following inferences:

(A).Various wave-vector mismatch regime

If we consider a system from Figure 2.1 in which the upper levels |3) and |4)
are very close with similar level separation wavelength with intermediate level |2), we

can approximately write k. (= k¢ = K¢y)
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Q) ke =k, case:

For the case of perfect wave-vector matching the two photon resonances are
Doppler free, (k, — K1)V, = (K, — Kez )V, = 0. The criterion for observing of probe
transparency at the location of two photon resonance is still given by Eq.(2.11) but
with radiative width v, replaced by the Doppler width vy, i. e.,

2 2
yp « ‘2l (Gt (2.13)
Y32 Ya2

(i) k¢ # kg, case:

It however remains to be seen what happens when the probe and coupling
wave-vectors differ from each other. Inspection of Eq.(2.12) shows that if we consider
a system in which the upper levels |3) and |4) are very close with similar decay rates,
we can approximately write A, (= A= Agy), Ke (= Koy = Kez) andy, (=715, =v,,)-

Using these facts in Eq.(2.7) and through Eq.(2.6) we obtain

(1) . . .
12_1 _ 1[yc+1(A21+Ac)+1(kp—kc)vz]
Qp - deZ M(VZ) [Y21+i (A21+kpvz)][yc+i(A21+Ac)+i(kp_kc)vz)]+|9c1|2+|Qc2|2 ' (214)

Eqg.(2.14) resembles the typical result for a three level cascade system [10] whose

upper transition is driven by a coupling field of effective Rabi frequency Q. =

\/|Qc1|2 +1Qc, 1% .

To understand the effect of velocity on probe transparency (absorption) around
two-photon resonance we rewrite, by factorizing, the denominator of Eq.(2.14) in the

following form:

I(1)
2L = [dv, M(v,)

Qp
X
(A21+AC)+(kp—kc)VZ—l’Yc (2 15)
5\ &.
. {AC_kCVZ'*'i (Y21-7¢ )} 2 {AC_kCVZ'*'i (Y21~ )}2
A21+A +(kp—k Vz—ly . — - |Q 1|2+|Q 2|2+ €
c p~Kc Ve 2 c c 2

Let us first analyze the above result (Eq.(2.15)) for the matched wave vectors k. = ki,

case. For this case it is easily seen that at the location of exact two-photon resonance
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when A,;= —A. is very close to zero, the remaining velocity and radiative width
dependent (curly brackets) terms contained in the first square bracket cancel out
similar (curly brackets) terms of the second square bracket of the denominator of
Eq.(2.15) (assuming negligibley ). Thus a narrow two photon Doppler free
transparency resonance is formed around A,; + A.= 0. This cancellation can no
longer occur when the (nonzero) probe frequency detuning A, is tuned away from
the two photon resonance. The residual Doppler broadening terms can then cause
probe detuning A,; to shift into resonance with the absorbing Autler-Townes (AT)
doublet [12, 13] components arising from the terms (in second square bracket) of the
denominator. Consequently in the matched wave-vector case, except in a narrow
region around the two photon resonance A,; + A.= 0, at other frequencies within the
region between the AT doublet, the probe is absorbed due to velocity shifting into
absorbing AT doublet components.

On the other hand it is evident that if k, < k. the residual broadening terms in
first square bracket in the denominator tend to cancel out and thus eliminate the
velocity shift of probe frequencies into absorbing AT peaks. In the extreme case of
ke = 2k, (which is feasible in atomic systems), the first (square bracket) term in the
denominator (Eq.(2.15)) becomes Doppler free. In other words as the probe detuning
is varied the probe does not experience any (velocity dependent) absorption for all
frequencies in the entire region enclosed between the AT doublet. The frequency
range over which the probe is transparent thus can be determined from the location of

the AT doublet which occur at (for the particular case when k. = 2k,)

— 2
Ay= _Afi \[|QC1|2 +1Q, |2 "'w : (2.16)

Thus we further observe that if the coupling fields are tuned to exact resonance
A.= 0 the location of the two AT peaks is symmetric on either side of the probe
resonance A,;= 0. Nonzero pump detuning causes asymmetry in the AT peak
positions. As is well known when the coupling fields are large compared with the
Doppler width, the AT doublet will be fully resolved. This is the usual AT regime. In
the typical EIT regime however, the coupling Rabi frequencies are much small
compared with the Doppler width and hence the AT doublet are not resolved.
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Consequently the probe absorption profile should display a very broad resonance. Yet
the above discussion leading to Eq.(2.16) shows that for k, <k it is possible to
observe a wide transparency window even in the otherwise absorbing region between
the AT peaks.

(B). Detuning of the coupling fields

() When detuning of both the coupling fields are same (exact resonance
case), that is, when the coupling fields are tuned to exact resonance A;,=

A,,= 0, the EIT resonance is centered around the probe detuning A,;= 0.

(i) When detuning of both the coupling fields are different, A;,# A,, the two
subsystems are decoupled. The probe absorption profile then displays two
distinct two-photon resonances corresponding to the individual cascade

systems.
2.3.3. Qualitative analysis of the problem

The foregoing explanation provides only a qualitative analysis in terms of the
velocity selectivity of the EIT process associated with various wavevector mismatch
cases. We now present an analysis to obtain quantitative information regarding the
nature of width and depth of the transparency resonance and parameter dependence of
the EIT process. For this purpose the denominator of Eq.(2.14) can be factorized for

velocity as:
kpV, = —(n+8)/2 % [[n— P14+ [1Qu > + Q. [/a ,  (2.17)
where
§ =0y —iy,,, (2.18a)
n= (8 + A~ iy )/a, (2.18b)
a=(kp, —ke)/k, #0. (2.18c)

For the particular case of k, < k. wave-vector mismatch, the sign of the residual
Doppler width (k, — k. )V is negative. For this case we denote

® = |k, — Ke|/k, = —a, (2.19)
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Using Eq.(2.17) along with Eq.(2.19) in Eq.( 2.14) we obtain

Qp [A21+kpvz—iv,,]
2 2
x [1— [19c11° +1Qc2|*1/P ]. (2.20)

- N19c112+1Qc212 _¢)2 191 24190, 12 2
{kaZ+(n:&)+1J[ c1 : c21’]l _In 4&] }{kaz+(n:&) 1\[[ c1 : c2l’l _In f] }

In this case it can be seen from the second term in the bracket that two poles
exist, one each in the upper and lower complex (velocity) planes as long as the

condition
Re[n — £1/4 < [1Qu |* + |Qc |21/, (2.21a)

is fulfilled together with

V2a/2, ¥ /20 < [0 |2 + [Qe, [/ . (2.21b)
another pole exits in the upper half plane (from term outside brackets). Furthermore if
all the parameters are so chosen as to be much small compared with the Doppler

width y,, we can approximate, M(v) =~ /In2/n V2 in EQ.(2.20) which can then be

evaluated using the method of contour integration to obtain the result

@ 4D[|Qc1 12 +1Qc2 1] /{_[4D[1Qc1 12+]1Qc21?] - [(n—8) @]}
A = iVanZ [1+ ———— Jeuloa o (2.22)
oo in-0)0- a0[10e1 24102 2]~ (-2 02}

Furthermore using the condition Eq.(2.21b) to ignore y_, ®y,, inn and & (defined in

Eq.(2.18)) the above result, Eq.(2.22) is recast in terms of real and imaginary parts as

@ i(Ag1+Ac+Ap1 @)~ [4D[|Qc1 12+[Qc21?] - [A21 +Ac+A1P]?

1 =2 [1+

Qp/vp

(2.23)
J4®[|Qc1|2+|9c2|2]— [A21+Ac+A2 @]

The above result shows that the probe absorption described by the imaginary part of

Eq.(2.23) is zero as long as the condition (A, + A, + Ay @) < /40[|Qu % + Q%]
(stipulated by Eq.(2.21a) is fulfilled. Clearly full width of this transparency region is
given by

Y = 2/40[1Qu [ + Q2. (2.24)
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It is interesting to note that the width of the transparency region depends upon
the wavevector mismatch and increases as v/® for given coupling field powers. Thus
if ® = 1 which correspond to the wave-vector mismatch situation of k. = 2k,,, almost

entire region between the AT doublet can be rendered transparent (see also discussion
preceding Eq.(2.16)). Egs.(2.24) and (2.22) are the main new results of the present
work which allow us to estimate the depth and width of the transparency windows for

a cascade type three level system in which k. < k.

2.4. Numerical results and discussions

As mentioned above (in section 2.1) for counter-propagating probe and
coupling waves, nature of EIT in a three level cascade system depends critically on
the relative sign of the residual Doppler width (k, — k.)V which, depending on the
probe and coupling field wave-vector mismatch can be positive (k, > k) or negative
(kp < k) and is markedly dissimilar from each other. If the wave-vectors k;, and k.
are the same in magnitude (k, = k), the residual Doppler width vanishes, and usually

the medium is considered to be Doppler free.

Keeping in view the essential criterion Eq.(2.13) for observation of EIT as
well as the wave-vector mismatch condition (2.19), (i.e., (k, <Kk.) the sign of the
residual Doppler width (k, —k.)V is negative). For our numerical calculations we
have chosen an atomic system in which k, < k; (or A, > A;), (where ci = c1, c2) so
the sign of the residual Doppler width is negative. This situation can be realized, for
example, considering the transitions 3S1, —3P3, —4D32 (3S12 —3P32 —4Ds)2) in
sodium atom. These transitions form a four-level dual cascade (Y-type) EIT
configuration with one stable ground state 3S, , an intermediate level 3Ps;, and two
nearly degenerate upper states 4D3, and 4Ds, . The level separation wavelength of the
lower and intermediate levels is A, = 5890A (D2 transition) and those of the
intermediate and upper transitions are Ag = A = 5688A. The large wavelength
mismatch between the counter-propagating coupling and probe fields in this dual
ladder EIT system introduces a residual Doppler width (k, —k.)V /k,V = —0.04.

For comparison purpose the other case of matched (k, = k) (and positive (k, > Kk))
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wave-vector mismatch is also considered hypothetically for this four-level Y-type
atomic system. In our numerical calculation all parameters are expressed in units of
Doppler width y,/2n =1GHz, ie., 2y, /y,=001, 2y,,/y,= 00003 and
2y,,/ v5 = 0.0019.
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Figure 2.2: (i) Probe absorption (curves a, b) and dispersion (curves c, d) in arbitrary units
(a. u) as a function of probe field detuning ( w, — w,;)/yp with coupling field Rabi
frequencies 2., = 2., = 10 (2n x MHz) and for various wave-vector mismatch
cases for k, — k. = —0.04k, (curves a and c) and k, = k. (curves b and d). The
coupling fields are on resonance (Az,= A4, = 0). (ii) Probe transmission (1,(L) /1,(0))
as a function of the probe detuning for wave-vector mismatch k, — k. = —0.04k,
(curve a) and k,, = k. (curve b). Thus the values unity and zero on y-axis (in this and

subsequent Figures) correspond respectively, to maximum (I(L)=I,(0)) and minimum
(I,(L)=0) transmission of probe intensity. The density-length product (used in

Egs.(2.9)) is NL = 2x10"atoms/cm? and other parameters are the same as in (i).

In above Figure 2.2(i) probe absorption (Im(lg?yD/Qp)) and dispersion

(Re(lg?yD/Qp)) profiles are shown as a function of the probe detuning for various
cases of coupling and probe field wave-vector mismatches. The coupling fields are on
resonance (A;,= A,,= 0) and the Rabi frequencies are chosen equal (Q.; = Q.,) and
of same magnitude as the spontaneous emission rate of the probe transition 2y, (=
2m x10 MHz). No transparency is found to exist for k, > k. wave-vector mismatch

case (hence results not shown). There is no perfect EIT even in the exact wave-vector
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matching (k, = k) case (curves b and d). It should be noted that for these values
(2m x10 MHz) of the coupling field Rabi frequencies the criterion for observing EIT
specified by Eq.(2.13) is not fulfilled. Yet a very wide and almost complete
transparency window appears in the case when k, < k. (curves a and c). The width of
this resonance is in good agreement with the analytical result given by Eq.(2.24). The
EIT resonance and the dispersion curves for k, = k. case are narrower than those
observed for k,, <k since in the former case it is governed mainly by the two photon
dephasing rate alone for small values of coupling Rabi frequencies whereas in the
latter it depends (see Eq.(2.24)) upon the mismatch factor k, — k. and the Rabi
frequency of the coupling fields. Figure 2.2(ii) shows the probe transmission (using
Egs.(2.9)) as a function of the probe detuning for the same parameters as in Figure
2.2(i). The density length product used is NL = 2x10™ atoms/cm?. The transmission
at line center for k, <k, (curve a) is very high as compared with the matched

kK, = Kk case (curve b).

We now consider the finite detuning case when the coupling fields are detuned

on either side of the intermediate level.

2.0 : 1.0

() F (ii)

—~ ioon 0.8 |
=T Ao g P
S_U, o.o :c‘ "E :o. g : '.
= T A Pt
o e - ' ' H ' .. M [
5 10 Nt A\ & P P
2 I I So0.4} H ¢
2 Y i = [ A
S . N i HE P
Loy bl o2f i 51!

. ... '. [ ..~.: ."’-~‘: E.O'.-
t Voo

: : : : : 0.0 b— : : : :
-0.02 -0.01 0.00 0.01 0.02 -0.02 -0.01 0.00 0.01 0.02

(mp-(’oz]_)/yD (O)p-w21)/yD

Figure 2.3: (i) Probe absorption (a. u.) as a function of the probe field detuning (w, —
w41 )/yp for the coupling field Rabi frequencies 2., = 2., = 10 (2r x MHZz) and
various wave-vector mismatch cases, k,, — k. = —0.04k,, (dashed line) and k,, = k.
(solid line). The coupling fields detuning chosen are, Ay,= —A3z,= 10 (2 x MHZz).
(i) Probe transmission (I,(L) /1,(0)) as a function of the probe detuning for density-

length product, NL = 2x10" atoms/cm? and the same parameters as in (i).
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Figure 2.3(i) shows the probe absorption (Im(lgll)yD/Qp)) variation as the

probe frequency is tuned through the coupling field detuning. The probe absorption
profile for this case splits into two distinct transparency windows corresponding to
two distinct cascade subsystems. The transparency window occurring at the two
photon resonance A,; + A;,= 0 corresponds to the 3S;, —3P3;, —4Dsp, transition,
whereas the other occurring at A,; + A,,= 0 corresponds to the 3S;, —3P3, —4Ds),
transition. Since these two cascade subsystems are decoupled, the depth and width of
each transparency window is now governed by the two-photon depahsing rate
parameter and the coupling field Rabi frequency in that particular subsystem. The
asymmetry in the depth of the transparency in the two windows occurs as the two-
photon decay rates in the two subsystems are dissimilar in the present Y system. The

probe transmission shown in Figure 2.3(ii) also displays similar features.
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Figure 2.4: Probe (i) absorption and (ii) dispersion (a. u.) as a function of the probe field
detuning (w, — w,1)/yp for strong coupling field Rabi frequencies 2. =0, =
50 (2mr x MHz) and various wave-vector mismatch cases, k, —k. = —0.04k,
(dashed line) and k, = k. (solid line). Also shown is the case when k. = 2k,

(dashed-dot-dot line).

Finally in Figure 2.4 we show the probe absorption and dispersion profile
choosing values of the coupling field Rabi frequencies Q. = Q. =50 (2m X
MHz) which fulfill the criterion Eq.(2.13) for observing large absorption reduction at

line center. The coupling fields are on resonance (Az,= As,,=0). As usual in the
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matched wave-vector (k. = k,) case we observe a narrow resonance and complete
transparency at the probe line center. For illustration purpose also shown is the result
when k. = 2k, (hypothetical case). In this case it is evident that the width of the
transparency window (as predicted by Eq.(2.23)) is same as the separation between
the AT peaks and hence the entire region between the AT doublet is rendered

transparent.
2.5. Conclusion

In conclusion, we have studied electromagnetically induced transparency
(EIT) of a probe field in both homogenously (radiative) and Doppler broadened four
level Y-type atomic system driven by two strong laser (coupling) fields. Influence of
residual Doppler broadening on two-photon resonances were assessed for various
wave-vector mismatches occurring when the frequency of coupling fields is higher
(ke > kp), equal (k. = k), or lesser (k. < k) than that of the probe field frequency.
Contrary to the usual belief it is found that in the k; > k, wave-vector mismatch case
the residual Doppler broadening is actually conducive for the observation of
transparency in Doppler broadened four level Y-type atomic systems. In this case, the
probe absorption profile displays very wide and almost completely transparent single
or double EIT windows whose width, depth and location depend upon the wave
vector mismatch, Rabi frequencies and atom field detuning of the coupling fields.
Thus it is possible to attain almost complete transparency over a broad range of
frequencies which may be essential for propagation of very short light pulses through
an inhomogeneously broadened medium. Analytical results derived to explain the
velocity selective nature of transparency (absorption) and width of resonances are in
good agreement with computed results.
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Chapter 3

EIT and Nonlinear Generation in Four-Level Double-

Ladder System

In this chapter we explore the feasibility of attaining simultaneous
electromagnetically induced transparency (DEIT) and efficient nonlinear generation
in different configurations of Doppler broadened diamond (double-cascade) systems
such as, the frequency up-conversion, nearly degenerate and degenerate scheme.
Presented systematic study of the influence of various system parameters (dipole
moments, level decay rates, transition frequencies) and driving (pump and coupling)
field strength and wavenumber mismatch on absorption (loss) and nonlinear
generation (gain) coefficients, which govern the propagation dynamics of the weak
(probe and signal) fields in the Doppler broadened medium. We show that EIT and
nonlinear generation efficiency depend critically on the type of residual Doppler
broadenings present in each of the two cascade subsystems constituting the diamond
system. Further it is observed that nonlinear generation with perfect EIT
simultaneously in both subsystems is not possible as the process of nonlinear
generation actually tends to oppose EIT. Furthermore we show how with suitable
choice of the driving field strengths, sufficiently large nonlinear gain can be produced
to offset the high absorption losses and create a steady state (equilibrium) situation in
the medium. Under these conditions both probe and the signal fields propagate in the

medium without further attenuation or gain.
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3.1. Introduction

As mentioned earlier early works on EIT primarily focused on one-photon
transitions between states of opposite parity in simple three level lamda (A), vee (V)
and cascade (ladder - Z) systems. It is expected that more complicated levels structure
of atomic system might generate further interesting effects. Accordingly studies
involving modification of EIT and its applications with inclusion of an additional
fourth level are also widely reported in literature. Many of these were initially carried
out in closed-loop four-level system of a double Lambda (N) configuration. For
example, doubly electromagnetically induced transparency (double-EIT) [1, 2]. Four-
wave mixing (FWM) process and enhanced frequency conversion [3]. Using EIT
technique in double Lambda configuration possible to explore quantum nonlinear
optics and quantum information processes [4]. Relevant to this work’s in four-level
double Lambda (N) configuration, a four-level atomic system of diamond (Q)
configuration (shown in Figure 3.1) which has also attracted considerable attention in

recent years.

|1)

Figure 3.1: EIT and nonlinear generation scheme in double ladder configuration. Here (2,
and £ respectively, are Rabi frequencies of the weak probe and signal fields. Rabi
frequencies of the strong pump and coupler fields are 2,, and . respectively. The
probe (signal) and pump (coupler) field frequency detuning from their respective
atomic transitions are A,= w,—w;1(As= ws —w31) and A= Wy — wyy (A=

We — Wy3) respectively.
38



Chapter 3. Four-Level Double-Ladder System

Four level ¢ scheme in recent times has been utilized in several studies by
many authors [5-16]. Four level diamond (¢) systems that can be regarded as two
three-level ladder subsystems sharing a common ground and highest upper levels.
Coupling of these subsystems is caused by strong driving (coupler and pump) fields
which connect the common upper level to (two) distinct intermediate states in each
ladder subsystems as shown in Figure 3.1. In literature earlier studies of four level
diamond (¢) systems appears to be no consistent theoretical formulation of EIT
especially when the system is Doppler broadened. Such an analysis is important since
experimental investigations of the EIT phenomenon and nonlinear optical processes
aided by it are mostly performed in atomic vapours. Earlier studies show that the
nature of the residual Doppler width of two-photon coherence arising due to wave-
vector mismatch of the field and thermal motion of atoms in an atomic vapour can
drastically affect EIT [16, 17] and the associated nonlinear processes. Since a
diamond system essentially consists of two ladder subsystems, analysis and
interpretation of these experiments would require examining EIT of both probe as
well as the signal field generated via nonlinear mixing in a Doppler broadened ¢
system driven by two additional (pump and coupler) fields. Obviously, the weak
signal approximation used in the existing theoretical formulations [12, 13] breaks
down when the generated (signal) field grows sufficiently strong and one can no
longer ignore its back reaction on the other (probe) field [9]. Accordingly one has to
then simultaneously explore the conditions of EIT and gain by considering the
coupled Maxwell’s equations for both the weak (probe and signal) fields. Finally
solution of Maxwell’s Equations under the optimal conditions of EIT and gain will
determine the propagation characteristics of the probe and signal fields in an extended

medium consisting of four level diamond systems.

The aim of the work is to develop a theoretical formulation with the
incorporation of all the aspects mentioned above. We deal with density matrix
formulation, solve for the steady-state density matrix-equations for this system using
first order perturbation in probe and generated (signal) fields. Expressions are derived
for the one-photon as well as three-photon coherences which describe respectively,
the absorption and gain properties of the probe and generated field resulting from
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resonant nonlinear mixing. Neglecting depletion of the strong pump fields and under
slowly varying amplitude condition, we also derive the coupled wave equations for
the probe and generated signal fields from Maxwell equations. We present analytical
and numerical calculations for EIT and propagation characteristics of the weak probe
and signal fields as a function of the strong coupler and pump field amplitudes.

3.2. Four level atomic system-electromagnetic field interaction

3.2.1. Formulation

We consider a gas of atoms of mass m, in a thermal distribution at temperature
T. The resonance response of each atom to laser light is modeled as a four-level
system in a ¢ (diamond) configuration which has been experimentally realized in most
alkali (Rb, Na) atoms. As shown schematically in Figure 3.1, the ground (|1))
intermediate (]2)) and the uppermost (|4)) levels are in a three-level ladder
configuration. Similarly, the intermediate level (]|3)), together with levels |1) and |4),
forms another three-level ladder configuration. So the ¢ configuration can be regarded
as a composite system of two (coupled) ladder configuration subsystems that share a
common ground and uppermost states. An arbitrarily strong pump laser field Em and
a weak probe field Ep respectively, couple the dipole transitions |2) — |4) and
|1) — |2) of one ladder subsystem. Coupling between the two subsystems is provided
by application of another arbitrarily strong coupler laser field EC to the dipole
transitions |3) — |4) which also results in the generation of a fourth field ES on the
dipole transitions |1) — |3) via the process of four wave mixing |[1) = |2) - |4) —
|3) For this frequency matched process o, + o, — 0. — o5 = 0, the required phase-
matching condition is given by Ak =k, +ky — k. — ks =0. Thus we have to
formulate a theory for a four-level atomic system in ¢ (diamond) configuration

interacting with four laser fields in closed-loop geometry.

The total electric field can be written as

E(M) = D E () =X [&e®ET™oD+cc], (t=p,sc m), (3.1)
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where o, (;) is the frequency (amplitude) and Eg is the wavevector of the field

E (1), (L =p,s,c,m).
3.2.2. Interaction Hamiltonian

Using Eq.(1.15) the interaction Hamiltonian in the interaction picture and

under rotating wave approximation is obtained as
yint — _h[Qpei(ﬁp-F—Apt) | 2)(1 | + Qsei(ﬁs-F—Ast) | 3)(1 |

+Q eikeT-4ct) | 43| + QeikmT-2mt) | 4)(2 | +H.c.]. (3.2)

Here Q = Ti, - &/A, (L =p, s, ¢, ) are the Rabi frequencies and liyGl, G, j=1,2
3, 4) are the atomic raising or lowering operators. The dipole operator matrix element
is given by ﬁij = (ilglj), (i, j = 1, 2, 3, 4). The detuning of the field frequencies from

atomic resonance frequencies are denoted A,= w, — o A= 05— w31, Ap=

1
Om — 0,, aNd A= 0 — ©43.
3.2.3. Density matrix-equations of motion

Time evolution of the slowly varying components of the density matrix
elements ﬁjkcan now be written using Egs.(3.2) and (1.18b) in Eqg.(1.21) and the
following transformations with the frequency matching condition o, + ©y, — o —

s = 0(= A, + Ap—Ag — A.) to eliminate fast oscillating (exponential) terms as,

~g?p) — pg?p)e_iﬁp-ﬁmpt’ (3.33)
ﬁgizs) — pg?s)e—iﬁs-ﬁmst’ (3.3b)
ﬁgfllp) _ pgfllp)e-i(Kp+§m)-F+i(Ap+Am)t’ (3.3¢)
ﬁislzs) — piflls) e—i(§s+§c)-F+i(As+Ac)t ’ (3.3d)
ﬁg izs) — pg ?s)e—i(ﬁs+ﬁc—§m)-F+iApt ’ (3.3e)
~§ izp) _ ; ?p)e—i(§p+ﬁm—ﬁc)-F+iAst. (3.3f)

With phenomenological incorporation of the spontaneous decay in the equations of

motion for diagonal matrix elements and relaxation due to spontaneous emission
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process in off-diagonal (coherence) elements, the equations for time evolution of the

slowly varying components of the density matrix p(v) for atoms with velocity V are

obtained as,
f321:_[i(_Ap + kp' V)+721];521-i§2p(p22-p11)- iQ5‘5234' iQ;ﬂﬁm’ (3.42)
631:_[i(_AS + kS' v)+’Y31]531-i'(25(p33-pll)- iQpﬁ32+ iQ:ﬁ411 (34b)

f341:_[i(_Ap — Ay + (Ep + Em).V) +Taulp,,

QP IQmP, 1P, +IQP,,, (34

632:_[i(_AS - Ap + (kS + kp)v)+ ’Y32]§32-iQ;631 + iQS§12+iQ:§42-iQmﬁ34l (34d)

Py =—[1(—Am + Kin. V47,15, 10m (PP )+ 1P, - 195D, (3.4e)
By =—[I(—Ac + K. V)47, 15,5100y P35+ 19mP 5+ 1935, (3.49)
Pyy = i(Q;;ﬁsz'C)-'- i(Q:;531-C.C)+2721p22+2731p33, (3.49)
Py~ 1(Q P, -C.O+I(Qmp,,C.0+2Y,,P,,-2Y,1 Py (3.4h)
P33 = 1(Q P, 3-C.OHI(QeP,5-C.C) +27,,P,,72Y5, Pas: (3.4i)
Paa=1(Q Py, -C.OFI(RP,,-C.CI-2Y,,P,,-2Y,5P, - (3.4))

These equations (Eq.(3.4)) can be solved under the usual EIT conditions of arbitrarily
strong pump and coupler fields in the following manner. In the standard limit of weak
amplitudes of probe, Q, and signal, Q fields all the population initially, is in the
ground level [1) with a Maxwellian velocity distribution
M(v) = [In2/(av?)]3/2 exp (=In2V-V/V?) where V=+In2vy, and vy =
m is the most probable thermal velocity at a temperature T of an atom of
mass m, and Kg is the Boltzmann constant. Thus the zero-order solution of density
matrix elements in the absence of probe (i.e., putting Q, = Q; = 0) is given simply
by p?, = M(v) and all other zeroth-order matrix elements vanish. The probe (and
signal) field are assumed to be sufficiently weak so as not to induce any population
transfer to upper levels. Thus the relevant first-order (i.e., to leading order in probe
Q,, signal Qg amplitude) slowly varying components of the density matrix elements

are obtained as follows:
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5P = _{i(=a, + K, - V) +7, 350+ 0, M)+, (3.53)
b = —{i(=As + Ky - V) + 7, J5{2+ QM)+ IQ:pE), (3.5h)
N(Qp) —{il(-4, — A +(k +Kp) - ]+F41}p( p)+|QC§§1p)+|Qmﬁglp), (3.5¢)
fffS) —{i[(=8s = Ac) + (Ks + Ke) - V1 + Ty Jp{3 HOPED+iQmpl,,  (3.50)
B = (il =B+ (K +Ke = Kin) - 91+ 7, J504i05,52, (35¢)
6§1p) —{i[—As+(Kp + K —Kc) - V]+v31}p( %) IQZﬁglp). (3.5f)

In the above equations Zyij are the spontaneous emission rates from level |i) - |j) (i, j

=1- 4) and I'y; =v,, +v,, is the dephasing rate of the two-photon coherence
established by probe and pump (or signal and coupler) fields between the states
1) - 14).

From the transformation equations (Eq.(3.3)) with the frequency matching
condition o, + 0y — o, — 03 =0 (= A, + Ay —Ag — A.) were used to obtain set
of equations (Egs.(3.5a) through Egs.(3.5f)) describing time evolution of the slowly
varying components of the density matrix elements P As mentioned above, the
closed loop FWM configuration of the double ladder system depicted in Figure 3.1, is
formed via generation of a fourth field due to application of any three fields, and the
phase matching conditions AK = 0 can be used to further determine the wave vectors
of the generated signal as ES = Ep + Em - EC (see EQ.(3.5f)) and that of the
generation of the probe field due to back reaction of the signal and coupler and pump
fields as Ep = ES + EC —Em (see EQ.(3.5e)). Moreover in experiments, typically a
nearly collinear geometry in which the probe and pump (signal and coupler) beams
counter-propagate (along z-axis) is used in order to maximize two-photon Doppler
cancellation. Accordingly we henceforth putks = 2 kg, k. = =2k, k, =2k, and
Em = —2ky, where k; = o;/c , (j=p,m,s,c) are the wavenumbers. As Ej V=
K; vz, = p,m,s,c) the Maxwellian velocity distribution reduces to one-dimensional

form M(v,) involving only the v, component.
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3.2.4. Linear and nonlinear coherences: steady-state solutions

The above density matrix elements Py are in the interaction picture and they
are related to their counterparts pf(j in the Schrodinger picture via the relation P =
pjskei‘”ikt. Hence the steady-state solution obtained by setting the time derivates zero

on the left-hand side of Eq.(3.5) yields the velocity averaged one-photon coherences

in the Schrodinger picture (dropping superscript s and subscript z in v, for brevity) as

IE?P) — e—i(kpz—(»pt) fpg?p)(V) dv =
(80, D+ [?)

IQp f dv M(V) ‘ip(v)‘is(v)q)pm(v)'l-lgm|2‘§s(v)+|QC|2§P(V) (36a)
19 = eritksz=ost) [ p(2) () gy =
£,V (V)+Qm |2
iQ [ dv M(V) &y, ) (3.6h)

ép(V)és(V)nsc(V)+IQmI2§S(V)+IQcIzép(V) '

The real and imaginary parts of Eq.(3.6) describe dispersion and absorption of
the probe and generated FWM signal in the inhomogeneous double ladder system.
The generation of four wave mixing field and probe is governed by the nonlinear
coherences, which in the Schrodinger picture (dropping superscript s and subscript z

in v, for brevity) as

|§511s) — g-i(kpz-opt) [ pg?S)(V)dV —

12m 19 |

—iQ; [ dv M(v) B ME W (IH0mPE 10, () (3.72)
|§12P) = e~ i(ksz—0st) J‘ p;?p)(V)dV —

. Qmlloc |

1, [ dvM(v) O WHanlE 0 IPE,®) (3.70)
where

&,(vV) = i[kpv—Ap] +7,, (3.8a)
£ (V) = ilkev— Al + 7., (3.8b)
Oy (V) = i[(Kp = Km)V — Ap — A ] + Ty, (3.8¢)
1o (V) = il(ks — kv — A — A + Ty (3.80)
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A diamond system can be regarded as a combination of two Doppler
broadened three-level cascade subsystems which share a common ground and a
highest upper level. A typical three-level cascade system interacting with a probe and
pump fields (termed subsystem-1) exhibits perfect EIT for probe at certain values of
pump field strength. This can be seen from Eq.(3.6a) which in the limit of zero
coupling field, Q. = 0, reduces to the usual EIT result for three-level cascade system.
Let us recall that EIT in an isolated (three level ladder) subsystem-1 occurs due to
destructive interference between two channels: (i) a one-photon (direct) probe
absorption path |1) — |2) and (ii) another (indirect) three-photon path |1) — |4) -
|2). Note that the transition |1) — |4) involved (in the three-photon process) is the
two-photon transition created by probe and pump fields, the strength of which (and
hence the three-photon path) can be controlled by varying the pump field strength.

Now application of another strong (coupling) field Q. to an adjacent transition
involving the common upper but different intermediate level (of subsystem-I1)
couples the two subsystems and modifies the EIT response of the probe field. This is
evident from the appearance of an additional coupling field dependent (second) term
in the numerator (and also in the denominator) in Eq.(3.6a) which results in enhanced
probe absorption. Physically this effect can be interpreted in terms of incomplete
destructive interference brought about by an additional two-photon transition |1) —
|4) created by the coupling and signal fields as follows: Application of the coupling
field Q. gives rise to generation of a fourth weak (signal) field on the ground to

intermediate transition (in the cascade subsystem-I1) through a nonlinear coherence

51 (see Eq.(3.7b)) created by mixing of the probe, pump and coupler fields. In this

manner, the other three-level cascade EIT system interacting with a signal and
coupling fields (termed subsystem-Il) is formed. We note from EQq.(3.7) that the

nonlinear coherences Iggfp)(and Igng)) depend on the strength of drive fields and hence
can be suitably enhanced by varying the strength of both the fields. Thus as the
strength of the coupling field is varied (for a fixed initially applied pump field
strength), the generated signal field can grow strong enough to mix with the coupling

and pump field and cause regeneration of the probe field through a nonlinear
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coherence Ig?S). This extra channel formed by the three photon transition |1) — |4) —
|2) for reaching the intermediate state |2) (which is the excited state for probe
absorption transition) tends to destroy the usual EIT that existed in the subsystem-I
before application of the coupling field.

Let us now examine the influence of (two-photon) residual Doppler
broadening arising due to wavenumber mismatch of probe and pump (or coupling and
signal) fields. We observe from EQ.(3.6) that the EIT of probe (and signal) field
depend upon the residual broadening through the factors ¢pm(v) (and n_ (V). It is

usually expected that EIT will be observable when the field strength dependent terms
in the denominator of Eq.(3.6) are very large compared with the residual Doppler
broadening dependent terms. However as we shall show later, through numerical
calculations, this is not true in general and that EIT and nonlinear generation critically

depend upon the nature of the residual broadening.
3.2.5. Signal-probe generation and propagation characteristics

To investigate the generation and transmission characteristics of the weak
fields we consider propagation of the signal and probe waves through an extended
medium composed of double ladder systems. Propagation of a field of the plane wave
form given by Eq.(3.1) is described by the Maxwell’s wave equation

__ 4m 92

T ez otz

1 92
(V* - G5B (PL+PM), (L=5,p). (3.9)
where P! and PN respectively, are the macroscopic linear and nonlinear

polarizations associated with and aligned along the direction of the field Eg. In general
the macroscopic polarization P, i.e., the ensemble average of the induced dipole
moment per unit volume in a medium of atomic number density N is given by (as

mentioned in Chapter 1 section 1.3.3)

P= NTr(u<p>)=Nka=1ij<pkj =

=Nup,, <p,; >+Np, <p,, >+cC.c (3.10)
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Here angular brackets < > denote averaging over thermal velocities i.e.,< Py ==

[ p;;(v)dv. We thus have

P,, = PL +PNL = Ny (l(Qs) + |( p)) eilksz=0st) 4 ¢ ¢ | (3.11a)

13
P,y =P +PN =Np,, (I( o)y IE?S)) elkpz=opt) 4 ¢ ¢, (3.11b)

Substituting EQgs.(3.11a) and (3.11b) along with Eq.(3.1) in Eq.(3.9) and assuming no
depletion of the driving fields and the validity of the slowly-varying amplitude
approximation, we get the following coupled waves equations for signal and probe
field amplitudes:

P az—sss + ﬁz—ssp : (3.12a)
a p
& = %psp +7psS : (3.12b)

The second term Bj , (1 =5, p) on the right-hand side of Eqgs.(3.12a) and (3.12b) arise
from the nonlinear polarization and give rise to generation of the signal and probe
fields via four wave mixing. The first terms o; (j = s, p) originate from the linear
polarization and describe EIT absorption (EIT) and dispersion properties of the

atomic medium. These are given by

. 47N 2 _ g p)
as = 1k | (my) By =15 kslhgy [l | { 2] (3139)

_ 4N 2 Ig?p) _ 4N 169
% = Iakp|l121| Qp/vp ’Bp B Iakpll.l31||l.121| <Qs/YD) . (3.13b)

It should be noted that since ag « ilg?S)

, the real and imaginary parts of ag (o)
respectively, describe absorption and dispersion properties of the generated signal
(probe) field in the medium. The dispersion vanishes at line center since the
imaginary part of as (a,) is zero at exact resonance. Thus it can be shown and

verified numerically that the coefficients o; and Bj (j =s, p) given by EQgs.(3.13) are

purely real at line center. For this particular case in which all the fields are on-

resonance and using the boundary condition at the input ,(z = 0) =&,(0) and
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es(z=0) =0, the coupled set of Egs.(3.12) can be solved to obtain the field

amplitudes for the signal, £5(z) and the probe wave, £,(z) in the medium as

e(z2) = ¢ (o) bs ~exp {( ) }smh(cl)z) (3.14a)
ep(2) = (0 exp {(22) }(cosh(cpz) + %7 Ginh(@2)) (3.14b)

where
_ \[ BB, /4 + (0, /4 — 0s/4)? . (3.15)

It is also evident from Eqs.(3.14) and (3.15) that an optimal case for signal generation
IS when @ attains a minimum value. This occurs when the (on-resonance) absorption
coefficients (for the probe and signal) in both the ladder subsystems become equal

ie.,
op = ag(= —a). (3.16)
Using Eq.(3.16) in Eq.(3.15) we obtain the following expression for the relative (to

incident probe intensity) signal and probe intensities

Is(z) _ les(@)I*> _ Bg l(e[ BsBp —alz + e—[ BsPp +alz

= = —2e” % A7
Ip(0) |.sp(o)|2 Pp 4 e ) J (3 a)

I5(2) |sp(z)| 1 ( [ [BsBp — o]z N e—[ BB, +alz N

— 0Z
o T o 2e- ), (3.17b)

Clearly the first terms in Eq.(3.17) govern the propagation characteristics of
the signal and probe fields, as the second and third terms (depending upon the values
of a and B, Bp) will vanish at some propagation distance z in the medium.
Interestingly now the field propagation characteristics are determined by competition

between the nonlinear generation (effective gain) coefficient (BSBp)“2 and the
absorption (loss) coefficient o. Hence the fields may exhibit gain, ((BSB )2 > ),

attenuation (BB, )2 < ) or matching ((B, B, )/2 = q) in the course of propagation

in the medium. Furthermore we observe from Eq.(3.17a) that the generated signal

field intensity can be larger, equal to or less than that of the probe field. In order to
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determine the values of the system and field parameters required for fulfilling above
conditions we find through EQs.(3.13) the ratios of the absorption and gain
coefficients as

[©@p)

ﬁs ks 31 /QP
Bk 189/q. (3.182)
p p 21 s

2
L— < |z, | x Ig?S)/QS (3 18b)

2 Q. .
Op kp |“21| Iglp)/Qp

Obviously the absorption and nonlinear generation coefficients (through Ir(ﬁ) (G=sp;

m = 2, 3)) depend upon system and field parameters such as the level decay rates Vi
(i, j = 1- 4), the field strength (|Q.|?, [2,1?). These also depend through the factor
nsc(v) (and ¢pm(v)), on the residual Doppler broadening caused by the two-photon
wave-vector mismatch ks — k. (and k, — ky,) between the signal and coupler (probe

and pump) fields. In this regard the two possible regimes of pump and probe

frequencies are:
0] Non-degenerate case, ks # Kp:

The first nondegenerate frequency case would essentially involve excitation of
different intermediate levels for the probe and signal transitions in the two ladder
subsystems. Thus the spontaneous decay rates, the dipole moments p;; (i,j =1 — 3)
of the transitions and the wavenumber k; (j = s, p) mismatches may vastly differ for
the probe and signal transitions. This can be seen for instance in the frequency
upconversion schemes [7] where wg > wp. In this particular case kg > k. in the
subsystem-I formed by the transition (5Si,— 6P3—5Dsp) and therefore the
wavenumber mismatch kg — k. has a positive sign and is very large compared with
the (one-photon) Doppler width of the probe transition. Whereas k,, ~ kp, in the other
subsystem-Il1 formed by the transition 5S;,— 5P3,—5Ds;, and the wavenumber
mismatch has a small negative value. A positive and large wavenumber mismatch is
known to have a detrimental effect on the EIT phenomenon in ladder systems [17].
Thus absorption in each of the two ladder subsystem will differ considerably leading

to violation of the condition, o, = as. Although the adverse effect of wavenumber
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mismatch on EIT can also be offset by applying higher drive field intensities, in this
case coupling field amplitudes much larger than the Doppler width (beyond EIT
regime) may be needed. Thus in Doppler broadened diamond systems the possibility
of large frequency up-conversion using EIT does not seem feasible.

(i) Degenerate case, ks = k-

In contrast for degenerate probe and signal frequencies (ws = wp), ks =K,
and therefore the residual Doppler broadening in the two subsystems will be equal.
But the dipole moments ;; and the spontaneous decay rates y;; of the signal and probe

transitions may still be dissimilar. In this situation, the ratios E—S and == will depend

p Op
(see EQ.(3.18)) only on the nature of the wavenumber mismatch and the strength of

the drive fields.
(i)  Nearly degenerate case:

It remains to be seen what happens in the second case of nearly degenerate
signal and probe frequency (ws~w, ) involving excitation of different intermediate
transitions ( w3 # Wq2) for signal and probe in each ladder subsystem. Let us consider
a case when K, (k) does not differ much from k. (kp,). It is then expected that if the
applied driving fields strengths are much large compared with the wavenumber
mismatch ¢y, ng. and level decay rates v,,, v,, etc., so that the first term in the
numerator and denominator of Egs.(3.6) and (3.7) are negligible compared to the field

strength (]Q.|?, |Q,]%) dependent terms, the relations Egs.(3.18) will reduce to the

form
BS kS
—_ = — 3.19a
By Ky ( )
2 2
U n ks o Ml 10ml (3.19b)

Op kp |“21|2 |Qc|2 .

The above mentioned nearly degenerate situation may arise for instance, in typical
alkali atoms when using D; (D) lines as intermediate levels. In this situation if the
probe and signal fields are generated respectively, on the D; and D, transitions, the
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.. . 2
wavenumbers are nearly equal (ks = k,) but the transition strength is || =

2|u21|2. Using these values in Eq.(3.19) we find that for a given pump amplitude Q,,,
the value of pump amplitude Q. at which absorption coefficients for probe and signal

in both ladder subsystems becomes equal (a; = o, = o) is obtained as

Q] = V2|Qp . (3.20a)

Moreover the nonlinear coefficients for the probe and signal generation satisfy the

relation

B, =B, (3.20)

which in conjunction with Eq.(3.19) implies that BSBp — o =0 (see Eq.(3.17) and

the discussion succeeding it). Hence we have shown that even for a nearly degenerate
probe- signal scheme, with proper choice of the coupler and pump field amplitude it
may be possible to observe matched propagation of the signal and probe waves
through the medium with no further attenuation or gain.

In certain degenerate probe and signal frequencies (ks = k) schemes where
the intermediate levels belong to the same electronic level or manifold; such as, for
transitions involving Zeeman levels of D2 transition in Cs atoms [12,13] the dipole
moments M and the spontaneous decay rates Vi of the signal and probe transitions
may be similar. In such a case Eq.(3.19) shows that the absorption (and nonlinear)

coefficients for probe and signal in both ladder subsystems become equal when
1Qc] = 191 -

3.3. Numerical results and discussions

For this diamond (double ladder) configuration the numerical results are
obtained by performing numerically, one-dimensional velocity, v, averaging in
Egs.(3.6) and (3.7) which subsequently are used through Eq.(3.13) and (3.15), for
further numerical evaluation of Eq.(3.14). The theory is applied to an alkali-metal
atomic vapor in which the coupled double-ladder (¢) configuration of Figure 3.1 can

51



Chapter 3. Four-Level Double-Ladder System

easily be realized. For illustration, let us consider a ®’Rb atom in which a weak 795
nm (probe) laser is tuned to the 5°S1,— 5%P1; (D1 line) transition and a strong 762
nm (pump) laser driving the transition 5°Pi,— 5°Dsp form a three level ladder
subsystem-I. The other ladder subsystem-Il is formed by an applied strong 776 nm
coupler laser on the transition 5°Da;,—5°P3;, and the internally generated weak signal
field on the 780 nm, 5°Ps,— 5°Syy, transition (D, line). Since kp < km(ks <kg), in
this double ladder scheme, the sign of the wavenumber mismatch between the probe
and pump fields (k, — k) in subsystem-I and that between the generated signal and
coupling fields (ks — k;) in the other ladder subsystem-1I are negative. These
wavenumber mismatches introduces a residual Doppler width of the order
11(MHzx2xn) in subsystem-l1 and 1.3(MHzx2xn) in subsystem-l1l. Furthermore, to
facilitate comparison we also show numerical results for the other two (hypothetical)
cases of, perfect wavenumber matching k, = ky(ks =Kkc) and positive mismatch
which occurs when k, >k, (ks > K¢). In our numerical calculations both drive fields
(pump and coupler) are fixed on resonance with their respective transitions, A,,=
A,;= 0 and all other parameters are expressed in units of the Doppler width yp (=
kpV), I. €, 2y21/yp = 2y31/yp = 0024, T41/ yp = (Yaz + Ya3)/ yp = 0.001.
The Doppler width (half width at half maximum) yp chosen is 250 (MHz x 2mx).

We first study probe EIT characteristics by plotting imaginary part of the

Qp)

(
coherence I,

/(i—p) as a function of the probe detuning A,/yp. Figure 3.2 illustrates
D

the influence of coupling field on probe EIT characteristics for various cases of pump-
probe wavenumber mismatch. From Figure 3.2, in the absence of the coupling field
(2, = 0), we obtain the result for an isolated three-level cascade subsystem-1 (see
Figure 3.2(i) and (iii)). It is the general belief that perfect two-photon Doppler
cancellation i.e., k, =k is essential for attaining EIT in a Doppler broadened
medium. Because in that case the EIT resonance is Doppler free and we can deduce
from Eq.(3.6a) and (3.8) the following criterion (in subsystem-1, for example) for
observation of EIT

Q, >> /yD X V4, (Or Qp >>8MHz % 2m), (3.21)
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as against the requirement for the wavenumber mismatch case

Qm >> /v, X [Kp—Ky|V (0or Oy >>50MHz x 2m),  (3.22)

where |k,—ky|V is the (magnitude) of the residual Doppler width due to the

wavenumber mismatch between the pump-probe fields.

3/ (ii)
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Figure 3.2: Influence of wave-vector mismatch on probe EIT [Im (12(1

¥p/Qyp )] as function
of probe detuning A,/y, for various values of the coupler and pump field Rabi
frequencies, (i) 2, = 0.0, 2,,, = 0.05y;, (ii) 2. = 2, = 0.05y,, (iii) 2, =00, 0, =
0.1yp (iv) 2. = 2, = 0.1y, . The wavenumber mismatch, k, — k., are —0.04 k,,

(dash-dot-dot curves), O (solid curves) and +0.04 k,, (dashed curves).

It should also be noted that the same criterion as EQ.(3.21) holds in the
stationary atom (radiatively broadened) case, but with y, replaced by the one-photon
(homogeneous) dephasing rate y,,of the probe transition. In the present case we
estimate from the criteria Eq.(3.21) and Eq.(3.22) that in order to observe EIT of the
probe, the pump amplitude Q,,/yp should be much greater than 0.03 (for k, = k,)
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and 0.2 (for the wavenumber mismatch) case. It is for this reason we observe no EIT
in the positive mismatch case (dashed curves in Figure 3.2(i)-(iv)) when Q. /yp =
0.05 and 0.1. Moreover for Q,,/yp = 0.05 the complete two-photon Doppler
cancellation (k, = ky,) case (solid curve in Figure 3.2(i)) also does not show perfect
EIT. However we find that the negative wavenumber mismatch case shows an almost
complete and wide EIT resonance (dash-dot-dot curve in Figure 3.2(i)) at even this
value of pump amplitude (Q,/yp = 0.05) which does not fulfil the criterion
Eq.(3.22) for observing EIT. Furthermore, the width of the EIT window is also found
to depend upon the values of wavenumber mismatch and the pump amplitude [18].
Figure 3.2(ii) and (iv) show that application of a coupling field Q. results in further
power broadening of the EIT resonances. In addition, its effect is seen as a rise in the
absorption level by a constant value through entire probe detuning regime. As
discussed in Section 3.2.4 this reduction of EIT (or rise in absorption) arises due to
incomplete destructive interference and is determined by the coupling field power

dependent second term in Eq.(3.6a).

The drive (pump and coupling) fields actually play a dual role: the first is in
the generation of the signal (or conversely the probe) via nonlinear mixing of any
three fields and the second is in causing the EIT of the weak fields connected to the
ground state. The mechanism of generation and propagation characteristics of the
signal and probe was discussed analytically in Section 3.2.5 and numerical results for
the same will be presented below. At present assuming that significant generation of
the signal field occurs, we examine the simultaneous effect of the coupling and pump

fields on the EIT of the generated signal and probe fields.

In Figure 3.3 we show the EIT characteristics for both the probe and generated
signal fields including the actual residual Doppler broadening existing in each
subsystem. As seen in Figure 3.2 above, for zero or weak coupling field amplitudes
Q. the probe transparency is maximum whereas the signal field does not exist. As the
coupling field amplitude Q. increases, coupling between the two ladder subsystems
occurs (see the discussion in Section 3.2.4). Consequently, the probe EIT diminishes

(or absorption increases) whereas the signal field EIT increases. The probe and signal
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fields display equal amount of EIT (or absorption) when the drive field amplitudes are
equal Q. = Q,, (curves b in Figure 3.3) and for coupler field amplitude larger than
the pump (Q. > Q,), signal EIT is higher than the probe EIT.

(i) a (ii)
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Figure 3.3: EIT of (i) probe [Im (12")y,/€,)] and (ii) generated signal [Im (I{%)y,/Q,)]
as a function of the probe (signal) field detuning A, /yp (As/yp) for various coupling
field Rabi frequencies 2. = 0 (curve a), 2, = £2,,, (curve b) and 2. = v/20,, (curve
c). The value of the pump field Rabi frequency is fixed at 2,,/yp,= 0.1. Only the

actual wavenumber mismatch cases for the probe (k, — k,,, = —0.04 k,) and signal

(ks — k. = —0.005 k,,) fields are plotted.
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Figure 3.4: On-resonance (A,= A, = A= 0) absorption (nonlinear) coefficient values of
the probe a,, (B,) and signal a; (fs) as a function of the coupler amplitude, 2./yp.
The value of the pump amplitude is fixed at, 2,,/yp, = 0.1. The atomic density of the
vapor is N=2x10" atoms-cm™. It should be noted that for the given pump amplitude
(2,,/yp = 0.1) the absorption and nonlinear coupling coefficients for the signal and
probe fields are equal when 2./yp = V2 2,,/yp = 0.1414.
55



Chapter 3. Four-Level Double-Ladder System

We now explore numerically, the field generation process and propagation
characteristics of the signal and probe fields, using Egs.(3.13) and (3.14). For this
purpose shown in Figure 3.4 are the values of on-resonance (i.e.,A,= As=0)
absorption coefficient, a,(as) as well as the nonlinear coefficients, 8,(Bs) for probe
(signal) field as a function of the coupler field Rabi frequency Q./yp for a fixed pump
field Rabi frequency, Q,/yp = 0.1. It is found, in accordance with our analysis in
Section 3.2.5, that absorption coefficients in both ladder subsystems become equal
when Q. =+v2Q,,. Furthermore we find that when Q.= +2Q,, the absorption
coefficients, (a, = ag) and nonlinear coefficients, (B, = Bs) are also nearly equal.
Under these conditions, it is expected that an equilibrium (steady-state) will be
established where the propagation loss determined by absorption coefficient a is

compensated for by the effective (nonlinear) gain given by 8 in the medium.
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Figure 3.5: Variation of the relative intensity of the probe % (x<100) and generated
Sp o
signal ||€SEZ))||22 (<100) as a function of the dimensionless parameter az where z is the
Sp o

propagation distance in the vapor and the value of «; (and g;),(j = p, s) are

evaluated at line center (A,= A= A= 0) for 2,,/yp = 0.1 and 02, = V20, .

To illustrate this point, we show in Figure 3.5 the probe and signal

propagation characteristics (using Eq.(3.14)) under the same conditions as in Figure

3.4, i.e., for Q. =20, (with Q,,/yp = 0.1) and o = B. The relative signal (probe)
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&s(z) |2 (l ep(2)
gp(0) gp(0)

quantity az, where z is the propagation distance in the medium. The product az can be

intensity given by | |?) is plotted as a function of the dimensionless

varied either by changing the atomic density (N) or length of the vapor cell. We
observe from Figure 3.5 that initially the signal field is zero and probe is a maximum.
As the fields propagate in the medium, generation of the signal field occurs (via
nonlinear mixing) due to which the intensity of the probe decreases. However as the
generated signal intensity grows sufficiently strong and comparable to the probe field
strength, the reverse process also can occur in which the signal, coupler and the pump
via nonlinear mixing regenerate the probe field. It is thus obvious that beyond a
certain value of az the generated signal and probe are amplitude (or intensity)
matched, i.e., £5(2)/¢,(0) = £,(2)/¢,(0) = 1/2 and thus the signal (probe) intensity
relative to the incident probe intensity is 25% [19]. As a consequence of this
amplitude (or intensity) matching and since the condition a = {3 is also satisfied, the
generated signal and probe continue to propagate through the medium without further

attenuation or amplification.
3.4. Conclusion

In conclusion, we have studied the EIT and nonlinear generation process and
propagation dynamics in Doppler broadened diamond systems that can be regarded as
two three-level ladder subsystems sharing a common ground and highest upper levels.
Coupling of these subsystems is caused by strong driving (coupler and pump) fields
which connect the common upper level to (two) distinct intermediate states in each
ladder subsystems. In the absence of one of the strong driving fields, for example the
coupler field, the diamond system reduces to a Doppler broadened three-level cascade
EIT scheme involving a weak probe and strong pump field. The applied coupling field
Q. (by mixing with the probe and pump fields) generates a fourth weak (signal) field
which affects the EIT of the probe field.

The influence of residual Doppler broadening arising from the wavenumber
mismatch in the two cascade subsystems and the driving (pump and coupling) field
strength, on probe and signal EIT is investigated. It is usually expected that a two-
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photon Doppler free case will exhibit maximum EIT whereas a finite residual Doppler
width (arising from wavenumber mismatch) will adversely affect the EIT. While this
is observation is found to be true for the positive mismatch case, we observe that in
the negative wavenumber mismatch case a much wider and deeper EIT window is
obtainable at much lower pump amplitudes, compared with the k, =k, case.
Furthermore, in the negative wavenumber mismatch case, width of the EIT window
depends upon the values of the pump amplitude and wavenumber mismatch.
Application of a coupling field results in enhanced absorption and further power
broadening of the EIT resonances. Physical interpretation of this effect is provided in
terms of incomplete destructive interference between the absorption paths.

The two (relatively weak) fields, probe and internally generated signal field
which connect ground states to intermediate states in each ladder subsystems are
coupled, i.e., exchange energy through nonlinear polarization generated via nonlinear
mixing process. The influence of various system parameters (dipole moments, level
decay rates, transition frequencies) and driving (pump and coupling) field strength
and wavenumber mismatch on absorption and nonlinear coefficients which govern the
probe and signal field propagation dynamics in a Doppler broadened medium is also
discussed. It is shown that the effective gain arising from the nonlinear polarization
depends on the strength of drive fields and can be suitably enhanced to compensate
for high absorption losses in the medium. Thus a steady state (equilibrium) situation is
created under suitable conditions (parameters) of driving field strengths in which both
the probe and signal fields propagate in an extended Doppler broadened partial EIT

medium.
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Chapter 4

Subluminal and Superluminal Light Propagation in

Double-Ladder System

In this chapter we demonstrate a scheme for generating subluminal as well as
superluminal probe (and signal) light in a medium comprising coupled double ladder
systems. This scheme can be realized in both homogeneously (radiative) as well as in
inhomogeneously (Doppler) broadened atomic systems. We show how easily in this
scheme the speed of weak probe (and signal) fields can be switched from subluminal
to superluminal by simply varying the strengths of the coherent pump and coupling
fields. Unlike more intricate earlier schemes, our scheme is based simply on steady-
state propagation dynamics resulting from compensation of the inevitable absorption
losses by large nonlinear gain generated through appropriate choice of the pump and
coupling fields. Furthermore it is shown that under these conditions both the signal
and probe fields are intensity matched and both propagate with the same subluminal
(or superluminal) group velocity without suffering loss or gain for long distance in

the medium.
4.1. Introduction

Since the discovery of EIT [1] especially after experimental demonstration of
slow light propagation in cold [2], hot [3] and room temperature vapors [4] several
proposals for generation of superluminal (fast) and subluminal (slow) light via EIT or
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other types of interaction schemes [5-9] in various multilevel systems have emerged.
These phenomena are of tremendous interest as they may offer a variety of important
applications such as controllable optical delay lines, optical switching, optical data
storage and optical memories [10].

However the question that has often cropped up since the early days of
discovery of EIT and the accompanying slow light phenomenon is: would it be
possible to observe slow light propagation under certain conditions of the system or
field parameters and fast light propagation under some other conditions in a single
system using the same EIT scheme? Because then it would provide a means for
switching from one form to the other by simply varying those parameters. Many
researchers [11-14] have attempted to address this issue over the past decade without
much success because dispersion is normal (positive slope) and steep in EIT and
hence it inherently is a slow light process. Whereas for fast (superluminal) light
propagation, anomalous dispersion (negative slope) is required, that invariably is

accompanied with considerable absorption near line centre [5, 6, 15, 16].

For this reason practically all the existing schemes for creation of fast light
have to rely on some or the other gain mechanisms such as Raman gain [7, 17, 18-21]
or incoherently pumped inverted medium [22, 23] and rf field coupling between two
electric-dipole-transition-forbidden states to produce gain profile [24-27]. It may
therefore appear that it would not be possible to achieve fast light propagation using

the phenomenon of EIT.

In this communication we address this issue and show that it indeed is feasible
to achieve fast light propagation using EIT. What is more we show that it is possible
to achieve both slow and fast light in a single medium using EIT scheme and one can
switch from one type of propagation to the other by simply varying the intensities of
the control fields.
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4.2. Theory for the four level double-cascade (¢) system

4.2.1. Formulation

For this purpose we consider EIT scheme in an alkali-metal atomic vapor in
which the double-cascade (¢) configuration (as shown in Figure 4.1) can be realized
by exciting the 6S;, — 6P3, — 8Sy, transition in Cesium atom using polarized,
strong pump (coupler) and weak probe (signal) laser fields. The combination of the
beam polarizations and the Zeeman substructure of the intermediate state 6Ps

renders the system a four-level double-cascade system [28, 29].

|4)
Q¢ O
3) — 2)
| _i_A_S____z _____ A = ___éP]_’__.l
\\
\
Q N Q,
\
> 1)

Figure 4.1: Schematic configuration of four-level double-ladder system, upper transitions of
which are driven by strong pump (coupler) field of Rabi frequency 2, (2.). The
lower transitions are connected by weak probe (signal) field of Rabi frequency (2,
(£25). The detuning of the probe (signal) from the respective atomic transition is given

byA = Ap (As) = W31 — Wy (w31 - ws)-

The theoretical formulation of the previous Chapter 3 is applicable here as this

scheme is similar to the one studied there.

The total electric field can be written

E() = X,E (), (¢=p,s,¢c,m), (4.1)

where

E,(t) = 8, ei(ef-wt) 4 cc, (£ =p,s,c,m), (4.2)
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and w, (£,) is the frequency (amplitude) and Eg is the wave vector of the field Eg(t),
(£ =p, s, ¢, m). The Rabi frequencies of the pump, coupler, probe and signal fields
respectively, are Qp, = [i,, - &€n/h, Qc =W, /R, Q, = I, -&/h and Qs =
li,, - &/h where the dipole operator matrix element is given by ﬁij: (ilulj), G, j =1,
2,3, 4).

In this four-level coupled double-ladder system (Figure 4.1) the resonant
pump (coupler) field with Rabi frequency Q,, (Q.) drives the transition |2) — |4)
(I3) > |4)) at a wavelength 794.3 nm and wavevector K, (K.). A weak probe
(signal) field drives the transition |1) — [2) (]1) — |3)) with Rabi frequency Q, ()
tuned at 852.2 nm and wavevector _’kp(Es). The detuning of the field frequencies
from atomic resonance frequencies are denoted A= A,(4s) = w, — 0)21(035 — ®31),
An(A) = oy —0,, (0, — o,3) = 0(at exact resonance of pump and coupler
fields A, = A, = 0).

Coupling between the two subsystems results in four wave mixing process
with the phase-matching condition given by Ak = Kk, + Ky, — K. — K = 0. Thus as
in Chapter 3 we have to consider the theory for a scheme of four-level atomic systems

in ¢ (diamond) configuration interacting with four laser fields in a closed-loop

geometry.

4.2.2. Interaction Hamiltonian

Using Eq.(1.15) the interaction Hamiltonian in the interaction picture and

under rotating wave approximation is obtained as
yint — _h[Qpei(ﬁp-F—Apt) | 2)(1 | + Qsei(ﬁs-F—Ast) | 3)(1 |
+QeikeT-8ct) | 43| + O, eikm™=2mt) | 4)(2] + H.c.]. (4.3)

Here Q, = §i; - &,/h, (£ =p, s, ¢, m) are the Rabi frequencies and |i)(j|(i, j =1, 2,

3, 4) are the atomic raising or lowering operators.
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4.2.3. Steady-state solution of density matrix-equations of motion

The time evolution of the density matrix elements Pix with phenomenological

inclusion of various relaxation processes such as spontaneous emissions from upper

and intermediate levels Zyij (i, j= 1 - 4) and Doppler broadening can be determined

using Egs.(4.3) and (1.18b) in Eqg.(1.21) as shown in Chapter 3. As usual for the EIT
problems, we make an expansion of the density matrix to all orders in the pump
(coupling) field amplitudes and to first order in the probe (signal) amplitude and using
appropriate transformations to eliminate fast oscillating (exponential) terms, the

equation of motion for the slowly varying components f)jk of density-matrix elements

for the double ladder (0) system can be obtained in the interaction picture. The
dispersion and absorption properties of the probe and generated FWM signal in the
inhomogeneous double ladder system are given by the real and imaginary part of
()
I

velocity averaged one-photon coherences in the Schrodinger picture. Following

the formalism outlined in Chapter 3 we obtain the steady-state results for the velocity
averaged one-photon coherences in the Schrodinger picture as follows:

|§?P) — e—i(ﬁpf—wpt) J‘ pg?p)(v) dv3 =

(A1 () +19c|2/A31 (v) M(v)dv?

iQ 4.4
N e W REN e rEwe: R )
|§5115) — e—i(ﬁs.F—wst)J'pg?s)(v) dv3 =
: (A4 (D+12mI?/ 821 (V) M(V)dv?
iQ . 4.4
S J.As1(V)(Azn(V)'|'|9-c|2/As1(V)'|'|9-m|2/Az1(V)) ( b)

The real and imaginary parts of Eq.(4.4) describe dispersion and absorption of
the probe and generated FWM signal in the inhomogeneous double ladder system.
The generation of four wave mixing field and probe is governed by the nonlinear
coherences given in the Schrodinger picture by

|§5115) — e—i(ﬁpf—wpt) J‘ pg?S)(V) dv3 =

(i) M(v)dv3

250l J.Az1(V)As1(V)Azu(V)'i'Az1(V)|9-c|2'|'As1(V)|9-m|2 ’ (453.)
|§511P) — e—i(ﬁs.F—wst) J‘ pgp)(v) dv3 =
* —i) M(v)dv3
0,08 O, [ (=) M(v)dv (4.5h)

Az1 (V)A31(V)Ag1 (V)+A21 (V)|Qc?+A31 (V) |Qpm |2
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here

M(v) = \/In2/(ntv2)exp(—In2 vZ/v?) (4.6)
is the Maxwellian velocity distribution of atoms with Vv =+In2vy and vy =

\2kgT/m, s the most probable thermal velocity at a temperature T of an atom of

mass m, and
Ay (V) = i[a+K,. V] +7,, (4.73)
Az (V) = i[A + K. V] +ys (4.7b)
Ay (V) = i[A+(Kp + Kpy). V] + Ty (4.7¢)

4.2.4. Susceptibility and Group velocity

The susceptibility of the medium (Chapter 1 section 1.3.3) is related to the
velocity averaged one-photon coherence as

T 0 R
X—NW Qj/—YD,(J—p,S,m—2,3), (48)

where N is the atomic density of the vapor and v, (= k,V) is the Doppler width in

the system. As is well known, the imaginary (Imag(y)) and real (Re(y)) parts

respectively of the susceptibility y give the absorption and dispersion of the probe
field.

The group velocity of the probe field in the medium is given by

dop _ C _ C

==, (49)

- - - . d . d -
o dk(op)  ntwp(dn/op) 142w (Kre+iXim )+2T 0p [ SORe) Hig,-Cam)] s

When all the fields coupling (pump) fields and probe (signal) fields are on resonance
(A43(A42) = Ay1 (A1) =0), the probe absorption is an extremum so that
d [Im(lg?/ﬂp)]/dwp = d[y,,]/do, =0, xz, =0 (on resonance) and y,  is
negligible compare with other terms in the denominator. Therefore for on-resonance

case the group velocity Vg; of the probe and signal is obtained as

C C
Vo = = -, (410)
? 1+21'[(oj7N|”2“|2 %[m(ﬁ’j)/nj)] Nej
)]
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where ng; is the group index, j = p, m = 2 for probe and j = s, m = 3 for signal field.
Thus in addition to absorption characteristics, dispersion spectrum is also of
importance since nyg; is directly proportional to the derivative (slope) of the dispersion
curve. A steep (positive slope) and steep (negative slope) dispersion profiles would
result in a high value for ng which means that a very low group velocity and a very

fast group velocity respectively in both the cases.
4.2.5. Generation and propagation of the probe and signal fields

To observe the transmission of the subluminal and superluminal light pairs of
generated FWM signal and probe fields we consider propagation of the (weak) signal
and probe waves through an extended medium composed of double ladder systems.
Following the formalism of Chapter 3 we obtain the (on-resonance) field amplitudes

for the signal, 5(z) and the probe wave, €,(z) in the mediumas

gs(z2) = ¢ (o) Ps —eXp {( ) }smh(d)z) (4.11a)
£p(2) = £,(0) exp {(222) }(cosh(d)z) + 9~ Ginh(@z)) . (4.11b)

where
- \[ BoB,/4 + (ctp/4 — as/4)? | (4.11¢)

The above coupled equations are obtained (as in Chapter 3) for the particular
case in which all fields are on resonance, and under the boundary condition at the
input &,(z=0) = ¢,(0) andes(z=0)=0

The real and imaginary parts of «; (j=s, p) respectively, describe absorption

and dispersion properties of the atomic medium. These are given by

(8 )
as =M | 5 ) (4.12a)
1©p)
=in l21 (4.12b)
p Qp/vp

The term Bj (J = s, p) essentially represents gain arising due to mutual coupling via
nonlinear mixing between the probe field and the FWM field
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I(Qp)
-_—7 31

B, =ins <ﬂp/YD> , (4.133)

. 169
B, =Mp (ns ,YD)- (4.13b)

2 2 2 2
where 1 = % and n, = % It should also be noted that since oy o
s'fp P™/D

ilr(rﬁk) (k =5, p; m =2, 3), the real and imaginary parts of as (o) respectively,

describe absorption and dispersion properties of the generated signal (probe) field in
the medium. From Eq.(4.12) we find that the probe (and signal) dispersion vanishes at
line center because the imaginary part of o (ay ) is zero at exact resonance. Thus it
can be shown and verified numerically that the coefficients given by Egs.(4.12) and
(4.13) are purely real at line center. The coupled equations for the field amplitudes are

obtained for this particular case of real coefficients oy and B, (where k =p, s).

4.3. Subluminal and superluminal propagation in homogeneously

(radiatively) broadened medium

Before presenting numerical results it is instructive to discuss analytical results
that can be obtained for homogenously broadened system. We first discuss the EIT
characteristics of the probe and signal fields. Result for this case can be derived from
Eq.(4.4) by dropping velocity dependent terms and performing the velocity
integration using Eq.(4.6) at exact resonance of probe (signal) and pump(coupling)
fields as follows:

(Q2p) . Y31l 41 +1Qc]?
| =10 , 4.14a
21 P yo1v31Ta1+Y3119mI2+y211Qc12 ( )
Qs) _ Y21l 41 +1Qm|?
|31S = 10 21 41" m . (4.14b)

Y21Y31041 +Y311Qm|? +v211Qc|?

For the transition considered in Cs atom the decay rates of intermediate levels to
ground level are equal y,, =1v,, andy,, > I'y; . Hence for higher values of pump
and coupling field amplitudes, Q. and Q, such that |Q.|* » y,,T4; and [Qp[* >

v,,L 41 the expressions (4.14) for one-photon coherences reduce to the form,
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I(Qp)

2= j %l (4.152)
(Qp/1y) 1Om 2 +1Qc[?’ '

(Qs) 2

159 _ . |0l
(Qs/1yy)  1QmIPHIQc2 (4.15b)

Dropping the velocity dependent terms in Eq.(4.5) and performing the velocity
integration using Eq.(4.6) the three photon (nonlinear) coherences governing the

generation of four wave mixing signal and probe fields under above conditions are

obtained as,

(Qp) *
1 Q- Q

31 @ — _;__"C™m

@) 1w (4.162)
Qs) *
59 . ono,

@) mP e (4.16b)

It is interesting to note that for the particular case of equal Q. and Q,,, the
on-resonance values of one photon coherences and the nonlinear coherences given by
Eq.(4.15) and Eq.(4.16) respectively, are equal in magnitude but with opposite signs,

that is, B, =n /2 = —o, and Bp = np/2 = —ay. As the intermediate states are nearly

degenerate, the spontaneous emission rates and the dipole matrix elements are nearly

identical, so that, n_ =1, Hence we can use the parametersf (=B, = Bp) and
o (= —as = —a, ) in Eq.(4.11c) to obtain ® = /2. Again using the parameters o (=
—ag =—a, ),B(=B, = Bp) and in Eq.(4.11a) and EQq.(4.11b) which describe

propagation of the probe and signal fields in the medium reduce to
£5(2)/¢,(0) =exp(~% 2) [exp(t 2) —exp(-L 2)]72,  (4.17a)

£p(2)/2,(0) = exp(—2 2) [exp (g z) +exp(-L 2)]/2.  (4170)

The exp(—% z) term outside the brackets in Eq.(4.17) is the usual absorption term.

That is, at sufficiently large propagation distance z in the medium, the second terms in
the square brackets vanish, but the first term in the square brackets which arise from
nonlinear gain P cancels the absorption term outside the brackets. Under these
conditions we observe that

|ss(z)/sp(0)|2 = |sp(z)/sp(0)|2 = 1/4. (4.18)
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The above results shows that the intensities of both the probe and signal are equal and
they propagate in the medium with no further loss or gain. Thus despite there being
only 50% EIT for both probe and signal fields, matched propagation of these fields
occurs owing to compensation of the absorption by nonlinear gain of the four wave
mixing process.

We now determine the nature of speed of these matched fields. For this
purpose the group index of the probe and signal fields are derived from Eq.(4.4) by
dropping velocity dependent terms and performing the velocity integration using
Eq.(4.6), and through Eq.(4.10) under above conditions as,

2,2
27[N|“21| (721_2|Qm|2)

=1+
Ngp = 1+ ®, 2, PTE , (4.19a)
2 2
275N|H31| (Y21_2|Qm|2)
=1+
Ngs =1+ 0= i ST (4.19b)

For typical values of parameters of **Cs atomic transition kp:852.2><10'7 cm,
|2

homogeneous linewidths v, =7y, =2m x2.6x10° Hz, |, |" = |p.31|2= 130x107%

esu, the group index and the group velocities of the probe and signal fields are
evaluated as

1-2Qm[2/v3,)

(
~ = 6
Ngs = Ngp = 1+ 13.55% 10° x PRWETES (4.20)

gs

The above result predicts that for |Q,|%/ 721 < 1/2the group index and thereby the
group velocity of the probe and signal pulse will be subluminal. Thus choosing

|Qml/y,, = 1/2 we find very large group index, ngs = ng,= 6.8 % 10° and the

gs = Ngp
corresponding group velocities are found be
c _ 3x108

=V, = —

8P T ngs  6.8x10°

= +44 m/sec . (4.21)
That is, both signal and probe propagate with ultraslow velocities in the medium.

On the other hand it is most remarkable to note from Eq.(4.20) that even
within the EIT limit, when the pump and coupler field amplitudes are comparable to

the homogenous linewidth i.e., |Qp|, [Q]~v,, it is possible to observe superluminal

propagation of the signal and probe fields. Choosing |Qp,|/y,, = 1we find from
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Eq.(4.20) that ngs = ngg ~ —3.4 x 10° and the corresponding group velocities are

g
found be

my, = &= 31 - ggpysec. (4.22)

gp ngs  —3.4 x10°

Vgs

The signal and probe velocities are negative which implies that they propagate at

superluminal speed in the medium.
4.4. Numerical results and discussions

Having discussed analytical results for a homogeneously broadened medium
we now present numerical results for an inhomogeneouly broadened medium. The
level separation wavelengths of the lower and upper transitions are respectively, Ay;=
852.2 nm and A2 = 794.3 nm. This large wavelength mismatch between the pump and
probe fields in one or the generated signal and coupling fields in the other ladder
subsystem introduces a residual Doppler width (6kvy,) that is of the order of 14 MHz
even for counterpropagating probe-pump (signal-coupler) fields. Note also that in our
double ladder system k,, < ky, (ks <K¢), so that the sign of the residual Doppler width
8k =k, — ki, (ks — k) is negative which is actually conducive to the phenomenon of
EIT [30, 31].

In our numerical calculations both drive fields (coupler and pump) are fixed
on resonance with their respective transitions, A,,= A,;= 0, and all other parameters
are expressed in units of the Doppler width yp/2m = 200 MHz, i.e., 2y,,/ yp =
2y31/ yp = 0.026, 41/ yp = (Va2 + Yva3)/ yp = 0.00015.

As mentioned above, the dispersion (absorption) values for the probe and

signal fields can be obtained numerically from the real (imaginary) part of the linear

coherence, Ing)/( %) and ISS)/( %) respectively. In Figure 4.2, row (a) shows the
D D

absorption profile of the probe (signal) and row (b) depicts the dispersion

characteristics of probe (signal) field, plotted as a function of probe (signal) detuning

—A/yp. The values of strong pump (coupler) fields used in Figure 4.2 are as follows:

columns (i) Q, = Q.= 0.3yp, column (ii) Q, = Q.= 1.0yp and column (iii)

Qn = Q.= 1.5yp. For values Q,, = Q. = 0.3yp of Rabi frequencies respectively,
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of pump and coupling fields, the absorption of both probe and signal is reduced by
only 50% as compared with an isolated three level ladder system. That is, the
transparency of both probe and signal is only 50% in a double ladder system as
against 100% of that in an isolated three-level ladder system. The underlying physical
mechanism this has already been explained in the previous Chapter 3. For this case (i)
we observe from Figure 4.2(b) that probe and signal dispersion curves have steep
positive slope. Hence, both probe and signal will propagate at ultraslow (subluminal)
speed, in this double ladder system.

2.0

1.5
S

(a) g 10
o
8

0.0

1
c

b) g °
(b) £
:

-1

-0.2 0.0 0.2 -1.5 0.0 15 -2 0 2

-Aly, —Avg —Aly,
(i) (ii) (iii)
Figure 4.2: (a) Absorption profile of probe (red-solid lines) and signal (black-dashed lines)
and (b) dispersion profiles probe (red-solid lines) and signal (black-dashed lines) as
a function of probe (signal) detuning(- 4)/yp. The columns correspond to the fixed
values of pump and coupler field amplitudes (i) 2,, = 2. = 0.3yp, (ii) 2, = 2. =
1.0y, and (iii) 2, = 02, = 1.5yp.

From above figure we observe for higher values of Q,, (= Q. ) the line center
values of absorption does not vary; it remains the same 50% as in the case (i),
although it experiences further reduction in the wings. However for the cases (ii) and
(iii) it is observed from Figure 4.2(b) that the slope of dispersion profiles of both the
probe and signal fields becomes negative and steep around the line center. Hence,
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both probe and signal will undergo ultrafast (superluminal) propagation, in this double
ladder system. It should also be noted that as these values of pump (coupler)

amplitudes are less than or comparable with the Doppler width of the dominant

(inhomogeneous) broadening in the vapor, we are well within the EIT regime.

We now examine the on-resonance (i.e., A = 0) EIT characteristics of probe
and signal by plotting absorption as a function of the coupler (for fixed pump) field
amplitude. These are obtained numerically from the imaginary part of the linear

21 31

coherence I(Qp)/( %) and I(QS)/( %) for probe and signal respectively.
D D

Figure
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4.3: (i) On-resonance (line center) absorption values for probe and signal fields
plotted as a function of the coupler amplitude 2./y, for fixed values of the pump
amplitude 2,,/yp, = 0.3 (solid lines) and 1.0 (dashed lines). Gain factor at line
center (on-resonance) values of the imaginary part of nonlinear polarization,
I?Sf”)/(f—l’)’) as a function of the coupler amplitude 2.7y, for two fixed values of the
pump amplitude 2,,/yp, = 0.3 (solid line) 1.0 (dotted line). (ii) Variation of the
relative intensity of the probe (|sp(z)|2/|sp(o)|2) and generated signal (|e(2)[2/

|sp(o)|2) as a function of the dimensionless parameter nz where z is the propagation
distance in the vapor and the value of a (and ), are evaluated on-resonance (A= 0)
for Q,,/yp = 2./yp = 0.3 and 1. Note that the curves for these two values overlap
because for both 2,,/yp, = 2./yp = 0.3 and 1 cases, the nonlinear gain term is

equal and opposite to linear absorption term.
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Figure 4.3(i) shows the line center (i.e., on-resonance, A = 0) absorption
profile for probe and signal as a function of the coupler field Rabi frequency Q./vp
for two fixed values of pump field Rabi frequency, Q,,/yp = 0.3 and 1.0. In this case
we observe that when Q.= Q,, absorption in both ladder subsystems becomes equal
and its value is half the usual absorption value (obtained in the absence of EIT). In
addition to linear absorption we also plot the nonlinear gain factor, obtained from the

Qp)

imaginary part of the nonlinear coherence, Igl

/( %) (see (B,)) as a function of the

coupler amplitude Q./yp for two fixed values of pump field Rabi frequency, Q,,/
yp = 0.3 and 1.0. From Figure 4.3(i) we find that the contributions from nonlinear
generation (gain factor) and absorption (loss) of the signal (and probe) field are
opposite in sign and the magnitudes of these become equal at higher values of the
pump and coupler fields. This fact is evident from the curves for Q./yp = Q,/yp =
0.3 (and 1.0). Since other parameters appearing in the expressions for as , B (and a,,
Bp) are the same, we find that o (= —a, = —og) and B (= Bp = BS) are nearly
equal in this regime of driving fields. Thus it is expected that a balance (steady-state)
will be established in the situation where the propagation loss determined by
absorption coefficient a is compensated for by the effective (nonlinear) gain given by

B in the medium.

To illustrate this point, we show in Figure 4.3(ii) the probe and signal light
propagation characteristics for the case same as Figure 4.3(i), in whicha = and
Q/yp = Qn/yp = 0.3 and 1.0. The relative signal (probe) intensity given by

es(z) ep(z)
|==12 (2

ep(0) ep(0)

density-length product nz can be varied either by changing the atomic density or

|2) is plotted as a function of the density-length product nz. The

length of the vapor cell. We observe from the figure that initially the signal field is
zero and probe intensity is maximum. As the fields propagate in the medium,
generation of the signal field via FWM takes place due to which intensity of the probe
decreases. However when the generated signal becomes sufficiently strong and
comparable to the probe field strength, the reverse process also can occur in which the
signal, coupler and the pump via FWM regenerate the probe field. It is thus obvious

that beyond a certain values of nz the generated signal and probe are amplitude (or
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intensity) matched and consequently propagate through the medium without further
dissipation since the condition o = f is satisfied. We further note that under these
matched conditions &5(z)/¢,(0) = &,(2)/e,(0) = 1/2 and thus the signal (probe)

intensity relative to the incident probe is 25%.
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Figure 4.4: (i) Group index (5g) (ii) Group velocity (v4) for probe (red-solid lines) and signal
(black-dashed lines) fields as a function of pump (coupling) field amplitudes
Q./vp (= 2./yp). The rows corresponds to the Variation of pump (coupling) field
amplitudes from (a) 0.0 to 1.5y, (b) 0.0 to 0.6yp, (¢) 0.6y, to 1.5yp

Finally in Figure 4.4, we show the numerically computed group index (ng) and
group velocity (vg) for probe and signal fields as a function of pump field
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amplitude Q,,/yp (= Q./yp) in an inhomogeneouly broadened medium. We observe
that for smaller values of pump and coupling fields, the group index (group velocity)
is positive shown in Figure 4.4(b) and with increasing values of pump (coupling)
fields, the group index (group velocity) becomes negative shown in Figure 4.4(c).
Further we observed that the corresponding group velocities are (i) Vg = 0.0003c and
(i) V4 = — 0.001c respectively, for the fixed values of pump (coupling) fields (i)
Qn = Q. =0.3yp and (i) Q, = Q. =yp. For a medium of length, L = 5cm the
corresponding time delay for the subluminal propagation of the probe and signal
fields is calculated as

ty= = —L%= 555ns

Vg C
whereas the time advance, At of the transmitted probe (signal) field relative to a

reference field propagating in vacuum is found to be t, = —166ns.
4.5. Conclusion

We have demonstrated an EIT scheme to generate as well as switch between
slow and fast light propagation for both probe and signal fields in degenerate double
ladder system that can be regarded as two three-level ladder subsystems sharing a
common ground and highest upper levels. The proposed scheme is based on
appropriately choosing the intensities of the pump and coupler fields to generate
sufficiently large nonlinear gain that can offset the high absorption losses in the
medium. Under suitable choice of driving field strengths both the signal and probe
fields are matched in intensity and propagate with the same subluminal or
superluminal (group) velocity for long distance in the medium without loss or gain.
We have presented a simple and practical scheme that can easily be implemented in
both homogeneously as well as inhomogeneously broadened atomic media such as
cold atoms or hot vapors.
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Chapter 5

EIT in Five-Level K-type System

We investigate the electromagnetically-induced transparency (EIT) of a probe
field in a five-level K-type and in four-level Y-type, inverted Y-type systems driven by
strong laser (coupling) fields. Both homogeneously (radiative) and Doppler
broadened mediums are considered. Effect of wave-vector mismatch (residual
Doppler broadening) occurring on EIT when the frequency of coupling fields is
equal (1, = 4.), higher (1, > A.)or lesser (4, < A.) than that of the probe field
frequency. Depending upon the choices of control fields transitions, we consider three
wave-vector mismatch regimes: (i) perfect wavelength matching regime (1, = 4., =
Ac3) (i) partial wavelength mismatching regime (4, # 4., = A.3) and (iii) complete
wavelength mismatching regime (4, # A, # A.3). We observed the typical collective
and overlapping behavior of EIT characteristics on (coupler-atom) resonance in the
Doppler broadened atomic vapor in the partial and complete wavelength
mismatching regimes as compared to the perfect wavelength matching regime.
Furthermore we observed under the influence of the coherent coupling fields, the
steady-state linear susceptibility of the probe laser shows that the system can have
single, double or triple EIT windows whose width, depth, and location depends upon
the wave-vector mismatch, Rabi frequencies and atom field detuning of the coupling
fields.



Chapter 5. Five level K-type system

5.1. Introduction

An absorbing atomic medium is rendered transparent to a resonant probe field
by a strong control field. This phenomenon, which is termed as electromagnetically
induced transparency (EIT), has been studied in all kinds of simple three level atomic
configurations including lamda (A), vee (V) and cascade (ladder - ) schemes [1]. As
stated earlier it is expected that more complicated levels structure of atomic system
might generate further interesting effects. According to this nowadays there is
considerable interest in the study of EIT in multilevel atomic systems formed by
including extra, optical fields driven resonant transitions, to the three-level systems.
This complicated level structure admitting additional fields and additional active
atomic states enriches the dynamics and opens new possibilities for its external
control. For example, the induced atomic coherences in multi-level atomic systems
generates some interesting effects such as, four-wave mixing (FWM) process and
enhanced frequency conversion [2], polarization qubit phase gate [3], Suppression of
two-photon absorption [4] in a ladder-type four-level atomic system and suppression
of two-photon absorption by quantum interference in inverted Y-system [5] and more
recently a theoretical study of complete wavelength mismatching effect in a Doppler

broadened six-level EIT atomic medium [6] is reported.

These interesting theoretical and experimental studies have motivated us to
further explore the EIT characteristics in five-level and four-level atomic system with
various types of configurations. The five-level K-type configuration are consisting of
two or more than two different EIT sub-systems so that it becomes interesting to look
at collective behaviors of these sub-systems as well as to control the collective EIT
characteristics by various system and field parameters. Pertinent to the present work is
on five-level K-type system interacting with three strong laser (coupling) fields and a
low-intensity probe field. Recently, this kind five level K-type atomic structure has
been utilized in some studies such as, effect of spontaneously generated coherence on
EIT [7], Double electromagnetically induced two-photon transparency [8] and
observation of dressed odd-order multi-wave mixing [9]. The Five-level (K-type)

atomic medium where the intermediate level in a ladder-type atom is coupled with a
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higher-excited and ground levels by two strong laser (coupling) fields as shown in
Figure 5.1.

1)

Figure 5.1: EIT scheme in five-level K-type atomic system. Here 2, is Rabi frequency of the
(weak) probe and 2.4, 2., and 2.5 respectively are the (strong) coupling field Rabi
frequencies. The detunings of the probe and coupling fields from their respective
atomic transitions are Az;= w3q — Wy, A3= W3y — Weq1,A43= Wa3 — W, aNd

As3= ws3 — w3 respectively.

As mentioned earlier, in Doppler broadened EIT systems the probe absorption
and dispersion characteristics are governed by nature of the residual (two-photon)
Doppler broadening originating from thermal motion of atoms and mismatch k, — k.,
of applied probe and coupling field wave-vectors k,, and k. respectively [1,10, 11]. In
three level ladder system it was found that the k, <k.the negative wave-vector
mismatch case is actually conducive to observation of reduced probe absorption [10,
11]. It therefore would be of interest to study the influence of the various broadening
mechanisms and different regimes of wave vector mismatches in the Doppler
broadened medium depending upon the choices of control fields transitions
(particularly when k, < k.) on probe absorption characteristics in multilevel atomic
systems such as five level (K- type) and four level (Y-type, inverted Y-type) systems.

We study transparency of a weak probe field in a Doppler broadened five level
K-type system interacting with three strong laser (coupling) fields, it can also consider

as a coupling (control) field couple the intermediate level of the Y-type (inverted-Y
type) atom with another ground (or excited) level and that the ground level and
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excited levels of the coupling transitions in a five-level K-type atomic system are
nearly degenerate or non degenerate. For comparison and contrasting, analysis for a
homogeneously (radiatively) broadened five level K-type systems is also presented.
Here we deals with density matrix formulation, solve for the steady-state density
matrix-equations for the K-type system to first order in amplitude of a (weak) probe
field. Expressions are derived for one-photon (probe) coherence, susceptibility from
which absorption and dispersion characteristics of the probe field can be determined.
Analytical results are derived so as to explain the influence of various broadening
mechanisms. It is shown that depending on the amplitude and the detuning of the
coupling lasers, the absorption profile of a weak probe field shows single, double or
triple EIT windows whose location, width, and depth can be controlled by
manipulating the parameters of the coupling fields. Present the numerical results for
probe absorption and dispersion considering the transitions

5S,/,(F=1) — 5P5/; = 5Ds/,(7S4/2)

551/2(F=1)=5Ps/2—=3Ds/2 {581/2(F = 1) 5P, - 55,/,(F = 2)

} in Rubidium
atom.

5.2. Theory for the five level K-type system

5.2.1. Formulation

We consider a five level K-type atomic system interacting with four laser
fieldsE, , Ec; and Ec,(Ecs) as shown in Figure 5.1. The spontaneous emission rates
from the two nearly degenerate or non degenerate upper states|4)(]5)), to

intermediate level |3) are 2y,,(2y.,) and that from level |3) to ground level [2)(]1)),
is 2y,,(2y,,). The four laser fields are given by E, = &, expi(k,. F — o,t)] +c.c.,
Ee1 = 8 expli(Ke. F—0gt)] +cc and Eqp(Ees) = ey expli(Kep. F — o0,t)] +
c.c, (s expli(kes. F — west)] + c.c.,). The weak probe laser field E, of
frequency w,, wave vector Ep and Rabi frequency Q, = (ﬁ31. gp)l h is applied to the
|1) — |3) transition. The transition |2) — |3) is being driven by coupling laser field
E., of frequency o, wave vector k., with Rabi frequency Q., = (H,, &)/ h and

transitions |3) — [4)(|3) - |5)) are driven by E.,(E.s) of frequency oe, (es),
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wave vector ke, (Ks) and Rabi frequency Qe,(Qcs) = (i, Eea)l A((Hyg. Ecs)l B).
Here i, 1 ,and p,(i,.) are dipole moments of [3) — |1),]3) — |2) and [4) -
[3) (]5) — |3)) transitions respectively.

5.2.2. Interaction Hamiltonian

Using Eq.(1.15) the interaction Hamiltonian in the interaction picture and under

rotating wave approximation is obtained as

Vint — _h[Qpei(ﬁp.F+A31t) | 3)(1 | + chei(§c1.F+A32t) | 3)(2 |

+ Qg eikeaTaust) | 4)(3| + Q eikesT+asst) | 5)(3| + H.c.], (5.1)
where Az = w31 — ©p, Az = ©3; — Ocq, Byg3(As3) = 043 — 0 (053 — 03) denote
the detuning of probe and coupling fields frequencies from the atomic resonance
frequencies w3, 03, , m43( ®s3) respectively, and | i )] | (i, j =1-5) are the atomic
raising or lowering operators.

5.2.3. Density matrix-equations of motion
The equations describing time evolution of the slowly varying components of
the density matrix elements Py, can now be written using Egs.(5.1) and (1.18b) in

Eq.(1.21) and the following transformations to remove fast oscillating (exponential)

terms,
631:p31e—i(kp.r+A31t)’ (5.2a)
532:p32e—i(kcl.r+A32t)’ (5.2b)
51a=Pus e-ikezT+A43t) (5.2¢)
553:p53e—i(kc3.r+A53t)’ (5.2d)
521:p21e—i{(kp—kcl)-r+(A31—Asz)t}, (5.2e)
‘541:p41e—i{(kp+kcz).r+(A31+A43)t}’ (5.2f)
‘542 :p42e—i{(kC1+kC2).r+(A32+A43)t}’ (5.20)
‘551:p51e—i{(kp+kc3).r+(A31+A53)t}’ (5.2h)
ﬁszzpsze—i{(kcl+kcg).r+(A32+A53)t}_ (5.2i)
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with phenomenological incorporation of the spontaneous decay in the equations of
motion for diagonal and in off-diagonal (coherence) matrix elements, the equations
for time evolution of the slowly varying components of the density matrix p(v) for

atoms with velocity v are obtained as

Pr1="Ti(As; — Asy + (Ep - Ecl)'v)+ZYZ1]f~)21'ipr~)23+ 1Q¢1 P31, (5.33)
P31 =Ti(As; + Ep' V)+(Y31 + ¥32) 103112, (P11-P33)

Qe Pt 105 P41+ 1Q3P51, (5.3b)
Par=[i(Az; + Ay + (Ep + ECZ)-V)+Y43] P41-1QpPaz QP31+ Qc3P51, (5.3¢c)
Ps1=li(Ba1 + Asg + (Kp + Kes)- V)+¥5] Pia-ipPos+ifleaPsn, (5.3d)

P3z=[i(Az, + Ecl- V)+(Y31 + V32)1P32+1Qp P12
+ilde1(P227P33) HiQePant 1Q03Ps2,  (5.3€)

Paz="[i(Asy + Ags + (Ecl + R)cz)-v)"'21’21"'1’43]542'chl543"‘ch2532, (5.3f)
Psa=—[i(Asy + Ags + (Ecl + R)c3)-v)"'Y53]f~)52'ch1f~)53"'ch3f~)32, (5.39)
Paz=Ti(Ays + R)cz- V)+(Yaz + Y32 + Y31)1Pa3- 10541~ 1001 Paz
. ~ +iQc2(P33-P44)- 1Qc3P4s, (5.3h)
Ps3=[i(As3 + Kez. V)+(Ys3 + Y32 + Y31)1Ps3- 105051

- 108 Ps2H1Qc3(P33-Ps5)- 1062P54, (5.31)
P11= 2Y21P22+2Y31P33+ 105031~ 1QpP13, (5.3)
P22= 2Y32P33 — 2Y21P22F 1001 P32 1Qc1 P23, (5.3k)

P33= 2Y43P44+2Y53P55-2Y32P33-Y31 P33+ IQpP13+ 101 P23t iQc2P43
-IQ5P31- 1001 D327 1Qc2P34- 1Qc3P35 + 10Q¢3P53, (5.3D)
P44=—2Y54P55 — 2Ya3Pas 10 P4zt 1Qc2P34, (5.3m)
Ps5=—2Y53P55~2Va5Ps5- I{lc3Pszt i€le3Pas. (5.3n)
Our aim is to determine the wvelocity averaged first-order one-photon

coherence I3, = | Psy (v)dv3; the imaginary and the real parts of which describes

probe absorption and dispersion respectively, in five level K-type system. We solve
the above set of density-matrix equations in the usual limit of a weak probe and an
arbitrarily strong coupling (or ‘control’) fields using the following approach. Initially

all the population is in the ground level |1) with a Maxwellian velocity distribution.
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We assume the probe to be sufficiently weak so as not to induce any population
transfer to upper levels. Thus the zeroth-order solution obtained from Eq.(5.3) in the
absence of probe (i.e., putting Q, = 0) is

P2, = M(V), (5.4)

and all other zeroth-order matrix elements vanish.

where
M(v) == / exp(— In2—) (5.5)
is the Maxwellian velocity distribution of atoms with v = +In2 vy, and vy, = Z;BT

is the most probable thermal velocity at a temperature T of an atom of mass m,.The
relevant first-order (i.e., to leading order in probe amplitude) density-matrix equations

are found as

5o =—{i(ds1 — Asy + (Kp — Ker). V)2, 1550+ 100,50, (5.62)
b= ~i(Asy + Kp. )+ (ry, #1510+ M(v)+iQe 5

+iQ5p 0 ++ 105, (5.6b)
5= —i(Asy + Ags + (Kp + Kea) D)4y, 150+ 00,550, (5.6¢)
5= —iAsy + Ass + (Kp + Kea) Wy, Ip0+ iQespSY, (5.6d)

The steady-state solution obtained by setting the time derivates to zero on the left-
hand side of Eq.(5.6) yields the one dimensional velocity averaged one-photon

coherence as,

1 = [P v =iQ,

3 Az (V)A41(V)As1(V)
* f dv M(V) Az (V)A31(V)Ag1 (V)As1 (W) +A41 (W As1 (V)Qc1 12 +A21 (V) As1 (W Qc2 |2 ++A21 (V) Ay1 (V) Qc3]?
(5.7)
where
Az (V) = i{A3 — Az + (kp — kcl)-v}+2721a (5.8a)
As1 (V) = i(Az1 + Ko V) (¥4, +73,), (5.8b)
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Ay (V) = i{Az; + Ay + (Ep +Kep). V}+y43, (5.8¢)
As1 (V) = i{dgs + Ass + (Kp + Kes). Vg, (5.80)
In the above equations Zyij are the spontaneous emission rates from level |i) - |j) (i, j

= 1- 5). In experimental situations typically one considers an arrangement of probe Ep
and coupler fields E., (E., and E.;) co (counter)-propagating along z axis. For this
experimental configuration we can henceforth set the terms (Ep —Ecl).v =
(kp = ke )Vy, (Kp +Kg).V = (kp — ki), (where j = 2,3) and K,V =kyv, in
Eqg.(5.8) and consequently the velocity integration in Eq.(5.7) reduces to a one-

dimensional integral over velocity v,.
5.2.4. Susceptibility and Absorption coefficient

The susceptibility of the medium is related to the velocity averaged one-
photon coherence as follows:

2 (1)
X = N|“31| < T34 )’ (59)

rp \Qp/1p
where N is the atomic density of the vapor and v, (= k,V) is the Doppler width in the
system. As is well known, the imaginary (Imag(y)) and real (Re(y)) parts
respectively of the susceptibility y give the absorption and dispersion of the probe
field. The probe absorption coefficient is given by

op = —% Imag( ). (5.9a)

5.3. Analytical Results

5.3.1. Radiatively (homogenously) broadened medium

We analyze probe absorption (transparency) characteristics to arrive at
conditions for EIT in a radiatively (homogenously) broadened medium. Result for this
case can be derived from Eq.(5.9) by dropping velocity dependent terms and

performing the velocity integration using Eq.(5.5) as follows:

1 i
1 = (5.10)

- 2 2 2
Q : [Qcl [Qca| [Qcs|
p + +iA3q + . - } -
(Y31 Y32) 31 2721+1(A31—A32) 743+1(A31+A43)T753+I(A31+A53)
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The above expression reveals the existence of three two-photon resonances in probe
absorption profile as a function of probe detuning. Evidently the one occurring at
A;,= A3, corresponds to |1) — |3) — |2) transitions of A-type atom, whereas the
other occurring at Aj;;= —A,3(—As3) corresponds to |1) = |3) - |4) (J1) — |3)
— |5)) transitions of the two distinct ladder systems. Thus the five level K-system
derives contributions from three-level lamda (A) system and two distinct three-level
cascade subsystems which can be strongly coupled or decoupled by manipulating the
coupling field detunings or Rabi frequencies. For instance let us consider the case, in
which all the three coupling fields have same detuning given by, A (= A;,=
—A43(—As3)). In this case a single two photon resonance that occurs at A;;= A has
contributions from all the three subsystems. For this case it is also clear from
expression Eq.(5.10) that if the Rabi frequencies of the coupling fields are sufficiently
large, so that the following criterion is met:

|Qc1|2 |Qc2|2 |Qc3|2
+ < + + , 511
(Y31 Y32) 2Y91 Va3 V53 ( )

the probe absorption is considerably reduced at the position of the two photon
resonance A;;= A. Furthermore, in the exact resonance case, that is, when the
coupling fields are tuned to exact resonance A;,= A,3(As3) = 0, the EIT resonance is
centered around the probe detuning A;;= 0. Implementation of the criterion specified
in Eq.(5.11) would require choosing either very large |Qc 1%, [Qc 1?(I1Qc]?) or very
small y,, andy,,(ys3). Since at higher powers of the coupling fields, resolution of the
Autler Townes (AT) doublet [12] which arise from splitting of the intermediate level
|3) tends to obfuscate EIT effects, it is essential to choose systems in which two
photon dephasing parameters 2y,, and v,,(ys3) are very small in order to enable

observation of EIT.

On the other hand when detuning of the coupling fields are different,
corresponding to lamda and equal detuning of two ladder systems i.e., Az, # A,
Ayz= Agz=—A , the K-system reduces to four-level inverted Y-type system
composed of three-level lamda system driven by Rabi frequency Q. and a typical

three-level ladder system driven by the effective Rabi frequency

Q. = /1Qc; |2 + Q5|2 respectively. The inverted Y-type system decouples into two
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distinct subsystems because tuning the probe frequency detuning to two-photon
resonance of a particular (say A) subsystem will render the other ( E ) subsystem non-

resonant with a large detuning.

When detuning of all the three coupling fields are different, Az, # Ayz#
Ag; the three subsystems are decoupled [13, 14, 15] because tuning the probe
frequency detuning to a particular two-photon resonance will render the other two
subsystems non-resonant with a large detuning. Eq.(5.10) shows that then the
contribution from non-resonant term can be ignored and consequently the K system
reduces to a single three level lamda and two distinct three level cascade systems with
absorption and dispersion properties governed by the Rabi frequency and two-photon
dephasing rate in that corresponding system.

5.3.2. Doppler broadened medium

When the medium is Doppler broadened the two photon detuning is affected
by residual Doppler broadening. The result for a Doppler broadened K system is
obtained from Eqgs.(5.7) and Eq.(5.8) for co and counter-propagating (along z axis)
coupling and probe fields configuration as

19 _ <)
Q_p = fp31 (vz) dv, = dezM(Vz)

X

i

19c¢112 1Qc21? e
cl + c2 + c3
2721+i(A31—A32)+i(kp—kC1)VZ 743+i(A31+A43)+i(kp—kcz)VZ 753+i(A31+A53)+i(kp—kc3)VZ

(5.12)
Comparing above result (Eq.(5.12)) with that of a radiatively broadened case given by

(Y31 +732)+ i(B31+kpvy) +

Eq.(5.10), we can draw the following inferences:
(A).Various wave-vector mismatch regimes:
(1). Perfect wave-vector matching:

For the case of perfect wave-vector matching the two photon resonances are Doppler
free, ie.,(kp —Ke)Vy = (Kp — Kez)V, = (Kp — Kes)v, = 0. Under this case the
Eq.(5.12) reduced to
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ﬁ=f5(1)(v)o|v = [ dv,M(v,)
Qp 31 Z Z Z Z

X

i
Q¢4 |2 [Qc2l? , [Qc312
- - + -
2721+1(A31—A32) 743+1(A31+A43) 753+1(A31+A53)

(5.13)

(Y31 +735)+i(A31+kpvy) +

The criterion for observing of probe transparency at the location of two photon
resonance(A= A;,= —A,3(—As3)) is still given by Eq.(5.11) but with radiative width
(v31 + v32) replaced by the Doppler width yp, i. €.,

2 2 2
& |Qc1| + |Qc2| + |Qc3|

) 5.14
D 2yy, Y43 Y53 ( )

(i1). Partial wave-vector mismatch case:

It however remains to be seen what happens when the probe and coupling
wave-vectors differ from each other. Inspection of Eq.(5.12) shows that if we consider
a system in which the upper levels |4) and |5) are very close with similar decay rates,
we can approximately write Ac (= Ay3= As3) , Ke (= Kez = Ke3) and v, (=7, =
Ys5)- We can also neglect the small two-photon residual Doppler width of the lamda

subsystem (k,, — K., )v, compared with a large two-photon residual Doppler width

created by dual ladder subsystem in five level K-type system. Using these facts in
Eq.(5.8) and through Eq.(5.7) we obtain

M) _
o=l P (v,) dv, = [ dv,M(v,)
i

x (5.15)

: |QC1|2 |Qc2|2+|Qc3|2
(Y31+Y32)+ 1(A31+kaZ) + 2721+i(A31—A32) yc+i(A31+Ac)+i(kp—kc)VZ

Inspection of above Eq.(5.15) reveals as anticipated above that the five level
K-type system reduces to four level inverted Y-type system composed of lamda

subsystem interacting with coupling field Q., and a typical ladder subsystem

interacting with effective Rabi frequency Q. = /1Qc, |2 + [Q 2.

(iii). Complete wave-vector mismatch case:

For the case of complete wave-vector mismatch, the two photon resonances

are not Doppler-free in both the ladder subsystems and are distinct i.e.,(kp—

Kez)V, # (Kp — Kes )V, # O. Inthis case from Eq.(5.12) we observe that the five-level
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K-type system can be considered as a combination of two four level subsystems of:
either a Y and an inverted-Y type configurations or inverted-Y-type configurations.

(B). Detuning of the coupling fields:

Q) When detuning of the coupling fields are same (exact resonance case), that
is, when the coupling fields are tuned to exact resonance A;,= A,z3=
Az;= 0, the EIT resonance is centered around the probe detuning A;;= 0.
(@) In perfect wave-vector matching case a single transparency window
which accrue around the exact probe resonance (A;;= 0). (b) In partial
wave-vector mismatch case overlapping of a narrow transparency window
caused by lamda system in a wide transparency widow caused by ladder
system. (c) In complete wave-vector mismatch case overlapping of a
narrow transparency window caused by lamda system in a further splitting
wide transparency widow caused by dual cascade system.

(i)  When detuning of the coupling fields are different, A;,# A,3# Agsthe
three subsystems are decoupled. The probe absorption profile then displays
three distinct two-photon resonances corresponding to the individual
lamda and dual cascade systems.

5.4. Numerical results and discussions

It is seen from Figure 5.1 that in a closed five-level atomic system of K-type
configuration, levels |1), |2) and |3) form a three-level A- configuration. Level |4)
(]5)) together with levels |1), |3) are in a usual three level ladder-type configuration.
In which the intermediate level (]|3)) of three level ladder-type atoms is coupled with
a higher-excited (]5)) and ground level (]2)) by two strong laser (coupling) fields,
from this structure K-type configuration can be consider as a composition of two four-
level inverted-Y type systems. (And also in the absence of field acting between
[3) = |2) the system reduced to four level systems in Y type configuration and in the
absence of field acting between |4) — |3) (|5) — |3)) the system reduced to four
level systems in inverted Y type configuration). This situation can be realized, for
example, considering the transitions 5S;(F=1) —5P3, —5S12 (F=2) forms three
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level lamda system and 5S1/2(F=1) —5P3;, —5D3p (5S12(F=1) —5P3/2 —5Ds), [7S1)2)
forms three level ladder systems in five-level K-type configuration in Rubidium atom.
The level separation wavelength of the lower levels 5S;, (F=1) (5S1, (F=2)) and
intermediate level 5P3; is A, = 780.0268nm (A ¢1 =~ 780.0268nm) (D2 transition) and
those of the intermediate and upper transitions 5Dz, (5Dsp) are Ap (Ag) =
775.9436nm (775.7650nm), in case of upper transition 7S;;, the level separation
wavelength is A = 740.817 nm. The wavelength mismatch between the counter-
propagating coupling (E., andE.;) and probe ( E,) fields when the upper
transitions are 5Ds;(5Dsp) in five level K-type EIT system introduces a residual
Doppler width (k, —k¢;)V /k,V =~ —0.005 (where j = 2, 3), in case of upper
transition 7Sy, the residual Doppler width (k, —Kes)V 7k, =~ —0.05. For
comparison purpose the other case of matched (k, — k) wave-vector is also
considered hypothetically for this K-type atomic system. In our numerical calculation
all parameters are expressed in units of Doppler width y /2n =250MHz , ie.,
2y,,/ v, = 0.000004, 2y,,/ v, = 2y,,/ v, =0012, 2y, /vy, =00003 and the
spontaneous decay rate 2y_,/y, = 0.00171(0.00286) in case of 5Ds, (7S112).

Various four and five level EIT systems

Depending on the choice of coupling (control) fields acting between the
atomic transition levels we consider the following different four and five level EIT

systems.
0] Four level Y-type system:

From Figure 5.1 we observe that in a closed five-level atomic system of K-
type configuration, absence of field acting between levels |3) — |2) the system
reduces to four-level systems of Y-type configuration. The four-level Y-type system
has one stable ground state |1), an intermediate level |3) and two either nearly
degenerate or non degenerate |4) (|5)) states. The intermediate state |3) is coupled to
the excited state |4) (]5)) by a strong coupling field with the Rabi frequency Q.,(
Q.3) while the ground level |1) is coherently connected to the intermediate level |3)

by a weak probe field with the Rabi frequency €.
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In Figure 5.2 Probe absorption [Im (|$)YD/Qp)] is plotted as a function of the

probe field detuning for various cases of coupling and probe field wave-vector
mismatches. The coupling fields are on resonance (A,3;= As3= 0) and the Rabi

frequencies are chosen equal (Q., = Q3).

4 r r T 4 T T T 4 T
M (i) (iii)
5 { 3 {3
=S
3 2 2 2
o]
<
1-T 1] 1 1
0 T T T 0 T T T 0 T T T
-0.015 0.000 0.015 -0.015 0.000 0.015 -0.015 0.000 0.015
(0 -0,)h, (o0, (@0,

Figure 5.2: Probe absorption as a function of the probe field detuning ( w, — w31)/yp
with coupling field Rabi frequencies 2., = 0.0, 2., =2, = (2r x 8 MHz)
for various wave-vector mismatch case which occur in dual cascade (i) k, =
key =kes (i) kp —kep = kp — ke = —0.005 ky, (iii) k, — kc, = —0.005 kp,
k, — kc3 = —0.05k, . The coupling fields are at exact resonance, Az, = Ay3=

A53= 0.

From above figure we observe the No complete transparency occurs in (i)
perfect wave-vector matching (kp =K = kc3) case where the level separation
wavelengths are assumed equal for probe and both the coupling fields. For (ii) partial
wave-vector mismatch (kp # K¢, = Kc3), the wavelength of both the coupling fields

are taken equal and differing with probe wavelength. In this case we observe a wide
and almost complete transparency window compared with earlier case. In both the
cases ((i) and (ii)) the four level Y-type system reduces to typical three-level cascade

system interacting with effective Rabi frequency Q. = /[Qc, % + [Qc3]2, the former
is Doppler-free and the latter residual Doppler broadened typical three level cascade
medium. (i) In complete wave-vector mismatching (k, # K, # Kes), the
wavelength of both the coupling fields are not equal and differ from probe
wavelength. In this case we observe an interesting result where the single wide

transparency window of case (ii) splits into three windows with large transparency at
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exact resonance of the probe field. This structure arises as the narrower transparency
window of the ladder subsystem (with smaller negative wavevector) occurs between
the much wider transparency window of the large negative wavevector mismatched

ladder subsystem.

4 T T T 4 T T T 4 T
0] (ii) (i)
% 3 E 3 1 3 |
<
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0 U U U

-0024 0000  0.024 O 052 odw oo O 0824 odw oo
(@0, )h, (@ ,-0,)h, (@,-0,)h,
Figure 5.3: Probe absorption as a function of the probe field detuning ( w, — w31)/yp with
coupling field Rabi frequencies 2., = 0.0, 2., = 0. = (2r x 8 MHz) for
various wave-vector mismatch case which occur in dual cascade, (i) k, =k, =
kes (i) ke — kep = ky — kez = —0.005 ky, (iii) k,, — ke, = —0.005ky, ky — kes =
—0.05k,,. The coupling fields detuning chosen are (A;3= —As3= (2 x 4MHz)).

We now consider the finite detuning case when the coupling fields are detuned

on either side of the intermediate level (|3)). Figure 5.3 shows the probe absorption
[Im Ug?YD/Qp)] variation as the probe frequency is tuned through the coupling field

detuning for various wave-vector mismatch cases, (i) k, = K¢, = K¢s (i) kp — kep =

Kp — Kkez = —0.005k,, (i) k, — ke, = —0.005k,, k, — k.3 = —0.05k,,. The probe
absorption profile for this case splits into two distinct transparency windows
corresponding to two distinct cascade subsystems. The transparency window
occurring at the two-photon resonance As; + A,;corresponds to  the
5S,/,(F=1)—5P;,,—5D5,, transition, whereas the other occurring at A, + Ags
corresponds to the 5S,,,(F=1)—5P;,,—5Ds,,/7S,/, transitions. Since these two
cascade subsystems are decoupled, the depth and width of each transparency window
iIs now governed by the two-photon dephasing rate parameter and the coupling field

Rabi frequency in that particular subsystem. The asymmetry in the depth and width of
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the transparency in the two windows occurs as the two-photon decay rates, two-
photon residual Doppler width present in each of the subsystems of the Y-system.

(i) Four level inverted Y-type system:

Figure 5.1 shows that in a closed five-level atomic system of K-type
configuration, absence of field acting between the transition |4) — |3) (|5) - |3))
reduces the system to four-level systems in inverted Y type configuration. The
levels |1), |2) and |3) form a three-level A- configuration and level |4)/]5) together
with levels |1), |3) are in a usual three level ladder-type configuration. The
intermediate state |3) is coupled to the hyperfine splitting of a ground state (excited)
[2) (]4)/]5)) by a strong coupling field with the Rabi frequency Q., (Q.,/Q3) while
another hyperfine splitting of a ground state |1) is coherently connected to the

intermediate state |3) by a low-intensity (weak) probe field with the Rabi

frequency Q.
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Figure 5.4: Probe absorption as a function of the probe field detuning ( w, — w3;)/yp With
coupling field Rabi frequencies (a). 2.1 = (2r x 4 MHz), 2., = (2r * 8 MHZz),
N.:5=00 (b). 2,4 = (2t x 4 MHz), 2., = 00, N, = (2r x 8 MHz), for
various wave-vector mismatch cases which occur in cascade subsystem of inverted Y-
system, (i) k, = k¢, (kp = kc3), (i) k, — ke, = —0.005k,, (k, — k.3 = —0.05k,).

The coupling fields are on resonance (A3, = A43(As3) = 0).
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In Figure 5.4 probe absorption [Im (1$y,/2,)] is plotted as a function of the

probe field detuning for various cases of coupling and probe field wave-vector
mismatches which occur through three level cascade subsystem in inverted Y system.
Here two higher excited states 5D5,,/5Ds,, and 7S,,, form two ladder subsystems
with the ground state 5S,,,(F=1) through the intermediate level 5P;,,. For ladder
subsystem with excited state 5D5,,/5Ds,, the wave-vector mismatch between probe
and coupling field is, k, — k., = —0.005k,,, whereas for the other ladder subsystem
with excited state 7S,,,, the wave-vector mismatch is, k, —k¢; = —0.05k,,. The
absorption  profiles are shown for excited state 5D5;,,/5Dg;, in
Figure 5.4(a) and for excited state 7S,,, in Figure 5.4(b). The coupling fields are on
resonance (A;,=A,3=A:3=0) and the Rabi frequencies are chosen
as Q¢ (=Q_,/2=0Qc3/2 ) in Figures 5.4a and 5.5b. A complete and single
transparency window (i) in perfect wave-vector matching k, = K¢, = Kcs , in this
case we assume the level separation wavelengths for probe and coupling fields are
equal. (i) In wave-vector mismatching (k, # Kc,(Kcs)), the wavelength of the
coupling field differing with probe wavelength. In this case we observe a splitting of a
wide transparency window into three windows, the middle transparency at exact
resonance of the probe field is due three level lamda system formed by
5S,/,(F=1)—5P;,,—5S,,,(F = 2) transitions which occurs around probe resonance
within the wide transparency window of the three level ladder system formed by the
transitions 5S, /,(F=1) —5P;,,—5D3,,/5D¢,,(7S1/,).

Figure 5.5 shows the probe absorption[lm (Igi)yD/Qp)]variation as the probe
frequency is tuned through the coupling field detuning for various wave-vector
mismatch cases (i) k, =K, (Kp =Kcg), (i) ky, —Ke, = —0.005k, (kp —kez =
—0.05k,) occurred in inverted Y-type system. The transitions levels considered same
as in Figure 5.4, the absorption profiles shown for excited state 5D;,,/5Dg,, in
Figure 5.5(a) and for excited state 7S;,, in Figure 5.5(b). Consider the coupling fields
detuning  are, A;,= Au3(As3) = 21 x 3MHz(2n x 15MHz) and the Rabi
frequencies are chosen as Q¢ (= Q_,/2 = Q.3/2) in Figures 5.5a and 5.5b. The
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probe absorption profile for this case splits into two distinct transparency windows
corresponding to two distinct three level subsystems in lamda and ladder

configurations.
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Figure 5.5: Probe absorption as a function of the probe field detuning ( w, — w3;)/yp With
coupling field Rabi frequencies (a). 2., = (2r < 4 MHz), 2., = (2r *x 8 MHZz),
N.:5=00 (b). 2,4 =2 x 4MHz), 2., = 00, 2.3 =(2n x 8 MHz), for
various wave-vector mismatch cases which occur in cascade subsystem of inverted Y-
system, (i) k, = k¢, (kp = kc3), (i) ky, — ke, = —0.005k,, (k, — k.3 = —0.05k,).
The coupling fields detuning chosen are (As,= A,3(As3) = 2w x 3MHz(2m %
15MH2z).

In above figure the transparency window occurring at the two-photon
resonance A;; — A, corresponds to the 5S,,,(F=1)—5P;,,—5S,,,(F=2)
transition, whereas the other occurring at A;; + A,3(Ag3) corresponds to the
5S,/,(F=1)—5P;,,—5D3,,/5Ds,,(7S,/,) transitions. Since these two subsystems are
decoupled, the depth and width of each transparency window is now governed by the
two-photon dephasing rate parameter, two-photon residual Doppler width and the
coupling field Rabi frequency in that particular subsystem.
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(iii)  Five level K-type system:

The Five-level (K-type) atomic medium where the intermediate level in a
ladder-type atom is coupled with a higher-excited and ground levels by two strong
laser (coupling) fields as shown in Figure 5.1. The intermediate state |3) is coupled to
the excited state |4) (]5)) by a strong coupling field with the Rabi frequency
Q.,(Q¢3) and also coupled to the hyperfine splitting of a ground state |2) by a strong
coupling field with the Rabi frequency Q.,, while another hyperfine splitting of a
ground state |1) is coherently connected to the intermediate state |3) by a weak probe

field with the Rabi frequency Q.
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Figure 5.6: Probe absorption as a function of the probe field detuning ( w, — w31)/vp
with coupling field Rabi frequencies 2., = (2r % 4 MHz), ., = 0.5 = (2w X
8 MHz) for various wave-vector mismatch case which occur in dual cascade of
K-type system, (i) kp, = kep = k3 (i) ky — ke = kyy — k3 = —0.005k,,  (iii)
k, — kc; = —0.005ky, k,, — k.3 = —0.05k,.The  coupling fields are on

resonance (Az,= A,3= As3=0).

In Figure 5.6 Probe absorption [Im (|$)YD/Qp)] is displayed as a function of

the probe field detuning for various cases of coupling and probe field wave-vector
mismatches. The coupling fields are on resonance (A;,= A,3;= As3= 0) and the Rabi
frequencies are chosen as Q.; = Q.,/2 = Q.3/2. A complete and single transparency
window is observed (i) in perfect wave-vector matching (kp =Kk = kc3) case where
it is assumed that the level separation wavelengths for probe and both the coupling
fields are equal. (ii) In partial wave-vector mismatching (kp * Koy = kc3), the

wavelength of both the coupling fields equal and differing with probe wavelength. In
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this case we observe a wide and almost complete transparency window splitting in to
three windows. In this case the five level K-type system reduces to typical four level

inverted  Y-type system interacting with effective Rabi  frequency

Q. = /1Qc; |2 + Q% between upper transitions and intermediate level, |Q]
coupling field interacting between intermediate level (|3)) and hyperfine splitting of
ground state (|2)). (iii) In complete wave-vector mismatching (k,, # ke, # Kc3), the
wavelength of both the coupling fields are not equal and differ from probe
wavelength. In this case we observe an interesting result where the single wide
transparency window splitting into five windows with large transparency at exact

resonance of the probe field.
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Figure 5.7: Probe absorption as a function of the probe field detuning ( w, — w31)/vp
with coupling field Rabi frequencies 2., = (2r x 4 MHz), 2., = 0.3 = (2w X
8 MHZz) for various wave-vector mismatch case which occur in dual cascade of K-
type system, (i) k, =ke, =kes (i) kp — ke, =k — k3 = —0.005k,  (iii)
k, — kc; = —0.005k,, k,, — k.3 = —0.05k,,. The coupling fields detuning chosen
are (Az,=0.0,A,3= —As3= (2 x 30MHz).

We now consider the finite detuning case when the coupling fields Q.,, Q.

are detuned on either side of the intermediate level (|3)), Figure 5.7 shows the probe
absorption[lm (Igi)yD/Qp)]variation as the probe frequency is tuned through the

coupling field detuning for various wave-vector mismatch cases, (i) k, = ke, = kg (ii)
kp - kCZ = kp - kC3 = —0005kp (iii) kp - kC2 - _OOOSkp, kp - kC3 - _005kp

The probe absorption profile for this case splits into three distinct transparency
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windows corresponding to three level lamda subsystem and two distinct three level
cascade subsystems. The transparency window corresponding to three level lamda
subsystem occurring at the two-photon resonance A;; — A;, corresponds to the
5S,/,(F=1)—5P;,,—5S,,,(F = 2) transition and the other transparency windows
corresponding to cascade subsystems occurring at the two-photon resonance A;; +
Ay (Agq + Ags) corresponds to the 5S,/,(F=1)—5P;,,—5D3,,
(5S,/2(F=1)—5P;),—5D¢,,/7S,,,) transition. Since these three subsystems are
decoupled, the depth and width of each transparency window is now governed by the
two-photon dephasing rate parameter and the coupling field Rabi frequency in that
particular subsystem. The asymmetry in the depth and width of the transparency
windows either side of middle window occurs as the two-photon decay rates, two-
photon residual Doppler width dissimilar in the dual cascade of present K-system.

5.5. Conclusion

We have studied the electromagnetically-induced transparency (EIT) of a
probe field in both homogeneously (radiative) and Doppler broadened five-level K-
type atomic system driven by three strong laser (coupling) fields and in four-level
systems Y-type, inverted Y-type driven by two strong laser (coupling) fields. Effect of
wave-vector mismatch on EIT occurring when the frequency of coupling fields is
equal, higher or lesser than that of the probe field frequency. Depending upon the
choices of control fields transitions in multilevel atomic systems, we consider three
wave-vector mismatch regimes: (i) perfect wavelength matching regime (A, = A, =
Ac3) (i) partial wavelength mismatching regime (A, # A, = Ac3) and (iii) complete
wavelength mismatching regime (A, # A, # Ac3). The multilevel atomic systems
such as five-level and four-level configurations are consisting of two or more than
two different EIT sub-systems, yet we find that on (coupler-atom) resonance, the EIT
response of the composite system can be dramatically distinct and more complicated
than those of the constituent systems. For large field frequency detuning, we get the
two or three well-separated usual EIT profiles of the constituent systems of multilevel
atomic systems. This suggests that this unusual behavior at exact resonance is due to
further interference between the regimes of overlap of the very narrow absorption
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profile of the A-type system with the very wide transparency window created by the
ladder type constituent systems of multi-level atomic configurations. Such systems
might be useful in any EIT-based optical switching device as control and variation of
EIT are the main features of these systems.

5.6. References
1. D. J. Fulton, S. Shepherd, R. R. Moseley, B. D. Sinclair and M. H. Dunn, Phys.

Rev. A 52, 2302 (1995).

2. S. E. Harris, J. E. Field and A. Imamoglu, Phys. Rev. Lett. 64, 1107 (1990); P. R.
Hemmer, D. P. Katz, J. Donoghue, M. Cronin-Golomb, M. S. Shahriar and P.
Kumar, Opt. Lett. 20, 982 (1995).

3. C. Ottaviani, D. Vitali, M. Artoni, F. Cataliotti and P. Tombesi, Phys. Rev. Lett. 90,
197902 (2003).

4. G.S. Agarwal and W. Harshawardhan, Phys. Rev. Lett. 77,1039 (1996); J. Y. Gao,
S. H. Yang, D. Wang, X. Z. Guo, K. X. Chen, Y. Jiang and B. Zhao, Phys. Rev. A
61, 023401(2000).

5. M. Yan, E. G. Rickey and Y. Zhu, Phys. Rev. A 64, 043807 (2001).

6. V. Bharti and A. Wasan, Opt. Comm. 324, 238 (2014).

7. K. I. Osman, S. S. Hassan and A. Joshi, Eur. Phys. J. D 54, 119 (2009).

8. B. P. Hou, S. J. Wang, W. L. Yu and W. L. Sun, Phys. Lett. A 352, 462 (2006).

9. N. Li, Z. Zhao, H. Chen, P. Li, Y. Li, Y. Zhao, G. Zhou, S. Jia and Y. Zhang, Opt.
Ex. 20, 1912 (2012).

10. J. Gea-Banacloche, Y. Q. Li, S. Z. Jin and M. Xiao, Phys. Rev. A 51, 576 (1995);
J. R. Boon, E. Zekou, D. McGloin and M. H. Dunn, ibid. 59, 4675 (1999).

11. S. Shepherd, D. J. Fulton and M. H. Dunn, Phys. Rev. A 54, 5394 (1996); A. B.
Mirza and Suneel Singh, Phys. Rev. A 85, 053837 (2012).

12. S. H. Autler and C. H. Townes, Phys. Rev. 100, 703 (1955).

13. G. S. Agarwal and W. Harshawardhan, Phys. Rev. Lett. 77, 1039 (1996).

100



Chapter 5. Five level K-type system

14.Y. Zhang, A. W. Brown and M. Xiao, Phys. Rev. Lett. 99, 123603 (2007).

15. Y. Zhang, B. Anderson, A.W. Brown and M. Xiao, Appl. Phys. Lett. 91, 061113
(2007).

101



Chapter 5. Five level K-type system

102



Chapter 6

Conclusions and Future scope

6.1. Summary and Conclusions

In this thesis, we have studied the phenomenon of electromagnetically induced
transparency (EIT) and EIT assisted process of nonlinear generation such as four
wave mixing (FWM) in multilevel atomic systems formed by inclusion of an
additional level in three level lamda (A), vee (V) and cascade (ladder- E) systems,
such as four level Y-type atomic system, four-level double-ladder and five level K-
type systems. We have studied the modification of EIT and its applications due to
effect of various broadening mechanisms: homogeneous (radiative) and Doppler
broadening that are present in a medium.

In this context we have shown explicitly how different types of residual
Doppler widths of two-photon coherence as well as the Doppler broadening of one-
photon coherences arising due to random thermal motion of atoms in a gaseous
medium can significantly affect EIT and the associated nonlinear processes.
Considering thermal motion of atoms (with velocity component v;) along the z-
direction of propagation of the counter-propagating probe and coupler fields. More
specifically, the effect of residual Doppler broadening on EIT is demonstrated for
various wave-vector mismatches occurring when the wavenumber k. (or k,,) of
strong coupling (or pump) field is equal (k. =kp), higher (k. >kp), or lesser

(ke < kp) than that of the probe field wavenumber. The first chapter of this thesis
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provides the literature review and theoretical background concepts related to the

present work.

In Chapter 2, we have study the transparency of a weak probe field in a four-
level Y-type atomic system with dual ladder-type EIT scheme, interacting with two
strong coupling laser fields. The crucial dependence of the nature of EIT on the type
of the wave-vector mismatch, originating from the wavelength (frequency) difference
between the probe and coupling fields in Doppler broadening medium is illustrated in
detail. We have demonstrated that negative residual Doppler broadening case
(i.e..ke > k) is actually conducive for the observation of transparency in Doppler
broadened four level Y-type atomic systems. The absorption profile of a weak probe
field displays very wide and almost complete single or double EIT windows whose
width, depth and location depend upon the wave-vector mismatch, Rabi frequencies,
and atom field detuning of the coupling fields. Analytical results are also obtained to

explain these interesting features.

In Chapter 3, we explore the feasibility of attaining simultaneous
electromagnetically induced transparency and efficient nonlinear generation in a
different configuration of Doppler broadened diamond (double-cascade) systems. We
presented the systematic study of the influence of various system parameters (dipole
moments, level decay rates, transition frequencies) and driving (pump and coupling)
field strength and wavenumber mismatch on absorption (loss) and nonlinear
generation (gain) coefficients, which govern the propagation characteristics of the
weak (probe and signal) fields in the Doppler broadened medium. We show that EIT
and nonlinear generation efficiency depend critically on the type of residual Doppler
broadenings present in each of the two cascade subsystems constituting the diamond
system. Further it is observed that nonlinear generation with perfect EIT
simultaneously in both subsystems is not possible as the process of nonlinear
generation actually tends to oppose EIT. Furthermore we show how with suitable
choice of the driving field strengths, sufficiently large nonlinear gain can be produced
to offset the high absorption losses and create a steady state (equilibrium) situation in
the medium. Under these conditions both probe and the signal fields propagate in the

medium without further attenuation or gain.
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In Chapter 4, we propose a simple and easy to implement scheme for
generating superluminal (and subluminal) light propagation of both probe and signal
fields in a radiative and Doppler broadened double ladder system driven by two
strong laser (pump and coupler) fields. The proposed scheme is easier to implement
compared with other existing schemes for superluminal propagation as it is based on
generation of nonlinear gain large enough to compensate for the absorption losses.
This can be done simply by appropriate choice of strengths of the strong pump and
coupler fields. Under these conditions similar to that in Chapter 3 we observe that a
steady state (equilibrium) situation in the medium is created where both probe and
signal fields are matched in intensity and propagate at either superluminal or

subluminal speeds without attenuation or gain in the medium.

In Chapter 5, we investigate the electromagnetically-induced transparency
(EIT) of a probe field in a five-level K-type and in four-level Y-type, inverted Y-type
systems driven by strong laser (coupling) fields. We consider the three wave-vector
mismatch regimes: (i) perfect wavelength matching regime (Ap =Ac2 =Ag3) (i)
partial wavelength mismatching regime (A, # A, = A3) and (iii) complete
wavelength mismatching regime (A, # A, # Ac3). We observed the typical collective
and overlapping behavior of EIT characteristics on (coupler-atom) resonance in the
Doppler broadened atomic vapor in the partial and complete wavelength mismatching
regimes as compared to the perfect wavelength matching regime. Furthermore we
observed under the influence of the coherent coupling fields, the steady-state linear
susceptibility of the probe laser shows that the systems can have single, double or
triple EIT windows whose width, depth, and location depend upon the wave-vector
mismatch, Rabi frequencies and atom field detuning of the coupling fields.

6.2. Future scope

The formulation presented in this thesis may be extended to other complicated
EIT systems and their utilization for practical applications. The dependence of
absorption profiles on the wavelength mismatch of laser fields can be studied in
various multi-level systems. Especially in negative wavevector mismatch case; which

is essential for propagation of very short laser pulses through an inhomogeneously
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broadened medium. The reported multi-level atomic systems in this thesis may
present the single, double or triple EIT windows, it might be useful in any EIT-based
optical switching device as control and variation of EIT which are the main features

of these systems.

The multi-level systems reported in this thesis can be studied with the
inclusion of spontaneously generated coherence (SGC) and vacuum-induced
coherence (VIC) effects, which may affect the absorption properties of multi-level
systems. The various systems studied in this thesis were under weak probe conditions
where they behave like a closed system. These studies on the considered systems can
also be extended under strong probe field conditions where the systems behave like
open systems. This open system may affect the optical properties of multi-level
atomic systems. Such studies can be of our future interests as an extension to this

work.

The multi-level systems which are reported in this thesis may also be realized
in solid state materials, such as quantum dots and rare earth doped LaCl; and LaFs,
which have properties similar to atomic vapors. So it is possible to study the optical

properties of such solid state materials.
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