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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 (Λ), vee (V) and cascade (ladder- Ξ) 

systems. In Chapter 2 we study wavevector mismatch effects (arising due to counter 

propagating probe-coupler wavevector mismatch along vz 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 87Rb atomic medium. Summary and conclusions are 

presented in Chapter 6. 
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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 (Λ- configuration) or stable upper state (Ξ - 

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 (Λ), vee (V) and 

cascade (ladder - Ξ) 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 Λ- 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 (Ξ) 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 



Chapter 1. Introduction  
 

3 
 

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 (Λ), vee (V) 

and cascade (ladder - Ξ) 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 (Λ), vee 

(V) and cascade (ladder- Ξ) 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 87Rb 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]  
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                                                        ∇ሬሬ⃗ ∙ Dሬሬ⃗ = 0                                                                (1.1) 

                                                   ∇ሬሬ⃗ ∙ Bሬሬ⃗ = 0                                                                (1.2) 

                                                   ∇ሬሬ⃗ × Eሬሬ⃗ = − ଵ
ୡ
ப୆ሬሬ⃗

ப୲
                                                       (1.3) 

                                                   ∇ሬሬ⃗ × Hሬሬ⃗ = ଵ
ୡ
பୈሬሬ⃗

ப୲
                                                          (1.4) 

Here Dሬሬ⃗  is the electric displacement, Eሬሬ⃗  is the electric field, Hሬሬ⃗  is the magnetic field and 

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

induction Bሬሬ⃗  are defined as 

                                             Dሬሬ⃗ = Eሬሬ⃗ +4πPሬሬ⃗ ,	Bሬሬ⃗ = Hሬሬ⃗ +4πMሬሬሬ⃗                                              (1.5) 

where Pሬሬ⃗  and Mሬሬሬ⃗  is the macroscopic polarization and magnetization of the medium 

respectively. If the systems consider under non-magnetic medium, implying	Mሬሬሬ⃗ = 0. 

In this case	Bሬሬ⃗ = Hሬሬ⃗ .  Now make the curl of equations Eq.(1.3) and using the Eqs.(1.4) 

(1.5), we get 

                                         ∇ሬሬ⃗ × ∇ሬሬ⃗ × Eሬሬ⃗  + ଵ
ୡమ

பమ

ப୲మ
൫Eሬሬ⃗ 	+ 4πPሬሬ⃗ ൯ = 0                                   (1.6) 

Moreover, in isotropic media	Dሬሬ⃗ = Eሬሬ⃗ߝ , where ߝ is the permittivity of the medium. 

Therefore from Eq.(1.1), we get		∇ሬሬ⃗ ∙ Eሬሬ⃗ = 0. By applying this condition in the above 

(triple product) Eq.(1.6), then the equation reduced to 

                                               ∇ଶEሬሬ⃗ 	− ଵ
ୡమ

பమ୉ሬሬ⃗ 	
ப୲మ

= 	 ସπ
ୡమ

பమ୔ሬሬ⃗ 	
ப୲మ

                                              (1.7) 

In the following calculations we consider a plane wave, propagating along the z-

direction in the medium 

                                           Eሬሬ⃗ (z, t) = ε⃗(z, t)e୧(୩୸ିன୲) + c. c.,                                     (1.8) 

where ε⃗(ݖ) is the amplitude of the field with frequency ω, propagation wave vector kሬ⃗ 	 

(k = หkሬ⃗ ห). For continues wave laser, the time dependent of ε⃗ is negligible. If the 

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

polarization 

                                               Pሬሬ⃗ (z, t) = ,z)⃗݌ t)e୧(୩୸ିன୲) + c. c.,                                (1.9) 
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where ⃗݌ 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 

                                          ப
మ୉ሬሬ⃗ 	
ப୸మ

	− ଵ
ୡమ
பమ୉ሬሬ⃗ 	
ப୲మ

= 	 ସπ
ୡమ

பమ୔ሬሬ⃗ 	
ப୲మ

                                (1.10) 

From Eq.(1.8 and 1.9) the slowly varying variables, ε⃗(ݖ, ,ݖ)⃗݌		and (ݐ  vary at a rate ,(ݐ

much slower than the carrier frequency	ω and k = cω is the propagation constant at 

this frequency. These quantities vary slowly in both time and space such that the 

following relations are satisfied: 

              ݇ଶ|ݖ)ߝ, ݇ << |(ݐ ቚபఌ(௭,௧)
ப୸

ቚ >> ቚப
మఌ(௭,௧)
ப୸మ

ቚ , ݇ଶ|ݖ)݌, ݇ << |(ݐ ቚப௣(௭,௧)
ப୸

ቚ >> ቚப
మ௣(௭,௧)
ப୸మ

ቚ 

             ߱௜
ଶ|ݖ)ߝ, ௜߱ << |(ݐ ቚ

பఌ(௭,௧)
ப୲

ቚ >> ቚப
మఌ(௭,௧)
ப୲మ

ቚ , ߱௜
ଶ|ݖ)݌, ௜߱ << |(ݐ ቚ

ப௣(௭,௧)
ப୲

ቚ >> ቚப
మ௣(௭,௧)
ப୲మ

ቚ 

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, 

                                           பக	
ப୸

+ ଵ
ୡ
பக
ப୲

= 	2iπk(1.11)                                     ݌ 

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 

                                                   H଴ห	j	〉 	= W୨ห	j	〉                                               (1.12) 
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 W୨	 being the energy of the level |	j	〉 and the field-atom interaction term V 	is given in 

the electric dipole approximation as 

                                                     V = −μሬ⃗ ୧୨ ∙ Eሬሬ⃗ (t)                                                   (1.13) 

Here, the total electric field Eሬሬ⃗ (t)can be written as 

                                       Eሬሬ⃗ (t) = 	 ∑ Eሬሬ⃗ ℓℓ (t) = ∑ 	[	ε⃗ℓ	e୧൫୩
ሬሬ⃗ ℓ∙୰ሬ⃗ ିωℓ୲൯ + c. c. ]		,ℓ              (1.14)              

where ωℓ	(ε⃗ℓ) is the frequency (amplitude)  and 	kሬ⃗ ℓ is the wave vector of the field  

Eሬሬ⃗ ℓ(t), and μሬ⃗ ୧୨is the electric dipole matrix element is given by μሬ⃗ ୧୨= ⟨i|μሬ⃗ |j⟩. 

The interaction Hamiltonian V in the interaction picture (denoted  V୧୬୲ ) is given by  

                                          V୧୬୲ = eቀ
౟
ℏቁୌబ୲(−μሬ⃗ ୧୨ ∙ Eሬሬ⃗ )eି( ౟ℏ)ୌబ୲                                   (1.15) 

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

representation is 

                                       ρ̇ = ቀ ୧
ℏ
ቁ	ൣρ	, V୧୬୲൧ = ቀ ୧

ℏ
ቁ (ρV୧୬୲ − V୧୬୲ρ)                         (1.16) 

The equation of motion of   ij-th element of the density matrix is 

                          ρ̇୧୨ = ቀ ୧
ℏ
ቁ ൣൻiหൣρ, V୧୬୲൧หjൿ൧  = ቀ ୧

ℏ
ቁ (ൻiหρV୧୬୲หjൿ − ൻiหV୧୬୲ρหjൿ)           (1.17)                            

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

∑ |݉〉〈݉|௠ = 1  between ρ and Vint (Vint and ρ) in the above equation, we get  

                                           ρ̇୧୨ = ( ୧
ℏ
)∑ ቄρ୧୫V୫୨୧୬୲ − V୧୫୧୬୲ρ୫୨ቅ୫                               (1.18a)                         

                  where            ρ୧୨ = ⟨i|ρ|j⟩  and 		V୫୬୧୬୲ = ൻmหV୧୬୲หnൿ                            (1.18b)                    

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

incoherent processes as 

                                    ρ̇୧୨ = ቀ ୧
ℏ
ቁ∑ ቄρ୧୫V୫୨୧୬୲ − V୧୫୧୬୲ρ୫୨ቅ୫ + (ρ୧୨)୰ୣ୪ୟ୶                   (1.19)                                  

Here the term (ρ୧୨)୰ୣ୪ୟ୶ includes various relaxation process such as the spontaneous 

decays (γij) of levels, radiative decay and collisional depahsing of off-diagonal 
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elements	(γij; i ≠ 	j), line width of probe (γp) and pump (γc) 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 ρ̇ij on the left-hand side of Eq.(1.19) as 

                                                     ρ̇ij → ቄப
பt

+ vሬ⃗ .∇ሬሬ⃗ ቅ ρij  (1.20)                                           

where  vሬ⃗  is the atomic velocity.  

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

motion can be written as,    

                            ቀப
பt

+ vሬ⃗ ∙ ∇ሬሬ⃗ ቁ ρij = ቀ i
ℏ
ቁ∑ ቄρimVmj

int − Vim
intρmjቅm + (ρij)relax            (1.21)                                             

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  

                                     P = NTr(μρ) = N∑ μjiρij
n
i,jୀ1                                 (1.22)                                                                                           

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

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

proportional to coherences (off-diagonal elements) ρij.  

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 = N	Tr(μ < ρ >) = N∑ μji < ρij >n
i,jୀ1                           (1.23) 

 Here angular brackets < > denote averaging over thermal velocities i.e.,< ρij >=

∫ ρij(v)dv.    

The induced macroscopic polarization Pሬ⃗ (z, t) in Eq. (1.9) can be rewritten as 

                                      Pሬ⃗ (z, t) = χ	ε⃗(z, t)ei(kzିωt) + c. c                                         (1.24)                                           

where χ is the electric susceptibility and ε⃗(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,  

                                                  χ	 = 	 ସ஠୒หஜౠ౟ห
మ

ℏ
ழ஡౟ౠவ
ஐ

                                                 (1.25)                                                                                                                       

where Ω = μሬ⃗ ij ∙ ε ℏ⁄ 	is 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)	Δω, 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		τ. The finite lifetime of the excited state leads to a broadening of the spectral 

line in accordance with the energy-time uncertainty principle: 

                                                  ΔE	Δt	 ≥ 		ℏ                                                          (1.26)                                                                                                     

On setting		Δt = τ, we then deduce that the amount of broadening in angular-

frequency units must satisfy: 

                          Δω	 = ΔE
ℏ
	≥ 	 1

τ
                                                       (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:                   γ = Δωlifetime = 1
τ
                                             (1.28)                       
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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 ݒ௭ towards the observer. If the transition frequency 

in the rest frame of the atom is		ω0, the observed frequency will be Doppler shifted to: 

                                                     ω = ω0 ቀ1 + ௩೥
c
ቁ                                                 (1.29) 

The Maxwellian velocity distribution of atoms with velocity between ݒ௭ and		ݒ௭ +

 ,௭ is given byݒ݀	

                                       M(ݒ௭) = ඥln2/(πvതଶ)exp(−ln2	ݒ௭ଶ/vതଶ),                       (1.30)                           

where vത = √ln2 v୲୦ and v୲୦ = ඥ2k୆T/mୟ is the most probable thermal velocity at a 

temperature T of an atom of mass ma. In Doppler broadening medium the FWHM is 

given by,  

                      γD = kpݒ௭ = Δω
Doppler

= 2ω0 ቀ
(2ln2)kBT

mc2 ቁ
1 2⁄

= 4π
λ
ቀ(2ln2)kBT

m
ቁ

1 2⁄
        (1.31)                                  

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. 
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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 

kp − kୡ, of applied probe and coupling field wave-vectors kp and kୡ 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)   kp = kୡ 

(ii)  kp < kୡ 

(iii) kp > kୡ 

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 ݇ߜ = (kp − kୡ) which, depending on the probe and pump (control) 

field wave-vector mismatch, is either positive (kp > kୡ) or negative (kp < kୡ) 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-
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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 

(kୡ = k୮), larger (kୡ > k୮), or lesser (kୡ < k୮) than that of the probe field. It is 

found that in the kୡ > k୮ 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 
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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) 87Rb 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 Λ-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 (λୡ < λ୮) 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.   
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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.,݇௖ > ݇௣) 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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1: EIT scheme in Four-level Y-type atomic system with dual ladder-type EIT. Here  

௣ߗ 	 is Rabi frequency of the (weak) probe and		ߗ௖ଵ, ߗ௖ଶ	 are (strong) coupling fields 

Rabi frequencies. The detunings of the probe and coupling fields from their respective 

atomic transitions are  ∆ଶଵ= ߱ଶଵ − ߱௣ , ∆ଷଶ= ߱ଷଶ −߱௖ଵ and ∆ସଶ= ߱ସଶ −߱௖ଶ  

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 k୮ − kୡ, of applied probe and coupling field wave-vectors k୮ and kୡ  

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 k୮ = kୡ 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 →5P3/2 →5D5/2 (or 5D3/2) transition in Rb [7, 8] has a nonzero (k୮ < kୡ) residual 
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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 k୮ < kୡ 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 k୮ < kୡ) 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 3S1/2 →3P3/2 →4D3/2 

(3S1/2 →3P3/2 →4D5/2) 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 Eሬሬ⃑ ୮, Eሬሬ⃑ ୡଵ and 	Eሬሬ⃑ ୡଶ 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 2γସଶ ,	2γଷଶ and that from level |2〉 to ground level |1〉 is 2γଶଵ.	The three 

laser fields are given by Eሬሬ⃑ ୮=	εሬሬ⃑ ୮ expൣi൫kሬ⃑ ୮. r⃑ − ω୮t൯൧ + c. c., Eሬሬ⃑ ୡଵ=	ε⃑ୡଵ expൣi൫kሬ⃑ ୡଵ. r⃑ −

ωୡଵt൯൧ + c. c and Eሬሬ⃑ ୡଶ=	εሬሬ⃑ ୡଶ expൣi൫kሬ⃑ ୡଶ. r⃑ − ωୡଶt൯൧ + c. c. The weak probe laser field Eሬሬ⃑ ୮ 

of frequency		ω୮, wave vector kሬ⃑ ୮ and Rabi frequency Ω୮ = (μሬ⃑ ଶଵ. ε⃑୮)/	ℏ is applied to 

the |1〉 → |2〉 transition. The transition |2〉 → |3〉(|2〉 → |4〉)	is being driven by 

coupling laser field Eሬሬ⃑ ୡଵ(	Eሬሬ⃑ ୡଶ) of frequency ωୡଵ(	ωୡଶ	), wave vector kሬ⃑ ୡଵ(	kሬ⃑ ୡଶ	) and 

Rabi frequency Ωୡଵ =( μሬ⃑ ଷଶ. ε⃑ୡଵ)/	ℏ (Ωୡଶ =( μሬ⃑ ସଶ. ε⃑ୡଶ)/	ℏ). Here μሬ⃑ ଶଵ,	μሬ⃑ ଷଶand μሬ⃑ ସଶ 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 

V୧୬୲ = −ℏ[Ω୮e୧൫୩ሬሬ⃗ ౦.୰ሬ⃗ ା∆మభ୲൯│2〉〈1│+ Ωୡଵe୧൫୩ሬሬ⃗ ౙభ.୰ሬ⃗ ା∆యమ୲൯│3〉〈2│ 

                                                            +Ωୡଶe୧൫୩ሬሬ⃗ ౙమ.୰ሬ⃗ ା∆రమ୲൯│4〉〈2│+ H. c. ],              (2.1) 

where  ∆ଶଵ= 	ωଶଵ − ω୮ ,	∆ଷଶ= 	ωଷଶ−ωୡଵ and ∆ସଶ= 	ωସଶ − ωୡଶ denote the detuning 

of probe and coupling fields frequencies from the atomic resonance frequencies 

ωଶଵ,	ωଷଶ and ωସଶ respectively and │i	〉〈	j│, (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 ρ෤ ୨୩ can now be written using Eqs.(2.1) and (1.18b) in Eq. 

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

as,  

ρ෤̇ଶଵ=−[i(∆ଶଵ + kሬ⃗ ୮ . vሬ⃗ )+γଶଵ]ρ෤ଶଵ + iΩ୮(ρଵଵ-ρଶଶ)+	iΩୡଵ
∗ ρ෤ଷଵ+	iΩୡଶ

∗ ρ෤ସଵ                       (2.2a) 

ρ෤̇ଷଵ=−[i(∆ଶଵ + ∆ଷଶ + (kሬ⃗ ୮ + kሬ⃗ ୡଵ). vሬ⃗ )+γଷଶ]ρ෤ଷଵ+iΩୡଵρ෤ଶଵ-	iΩ୮ρ෤ଷଶ,                          (2.2b)               

ρ෤̇ସଵ=−[i(∆ଶଵ + ∆ସଶ) + (kሬ⃗ ୮ + kሬ⃗ ୡଶ). vሬ⃗ )+γସଶ]ρ෤ସଵ+iΩୡଶρ෤ଶଵ-iΩ୮ρ෤ସଶ,                          (2.2c) 

ρ෤̇ଷଶ=−[i∆ଷଶ + kሬ⃗ ୡଵ. vሬ⃗ +(γଶଵ + γଷଶ)]ρ෤ଷଶ-iΩ୮
∗ρ෤ଷଵ+iΩୡଵ(ρଶଶ-ρଷଷ)-iΩୡଶρ෤ଷସ,                (2.2d) 

ρ෤̇ସଶ=−[i∆ସଶ + kሬ⃗ ୡଶ. vሬ⃗ +(γଶଵ + γସଶ)]ρ෤ସଶ+iΩୡଶ(ρଶଶ-ρସସ)-iΩ୮
∗ ρ෤ସଵ-iΩୡଵρ෤ସଷ,                (2.2e)                                 
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ρ෤̇ସଷ=−[i(∆ସଶ − ∆ଷଶ) + (kሬ⃗ ୡଶ − kሬ⃗ ୡଵ). vሬ⃗ )+(γସଶ + γଷଶ)]ρ෤ସଷ-	iΩୡଵ
∗ ρ෤ସଶ+iΩୡଶρ෤ଶଷ,         (2.2f) 

ρ̇ଵଵ=	2γଶଵρଶଶ+iΩ୮
∗ρ෤ଶଵ-	iΩ୮ρ෤ଵଶ,                                                                               (2.2g)                         

ρ̇ଶଶ=	2γସଶρସସ+2γଷଶρଷଷ-2γଶଵρଶଶ+	iΩ୮ρ෤ଵଶ-	iΩୡଵρ෤ଶଷ 

                                                 +	iΩୡଶρ෤ଶସ-	iΩ୮
∗ρ෤ଶଵ+iΩୡଵ

∗ ρ෤ଷଶ-iΩୡଶ
∗ ρ෤ସଶ	                    (2.2h) 

ρ̇ଷଷ=−2γଷଶρଷଷ+	iΩୡଵρ෤ଶଷ+	iΩୡଵ
∗ ρ෤ଷଶ,                                                                         (2.2i)                 

ρ̇ସସ=−2γସଶρସସ-	iΩୡଶ
∗ ρ෤ସଶ+	iΩୡଶρ෤ଶସ,                                                                          (2.2j)                                              

Our aim is to determine the velocity averaged first-order one-photon 

coherence Iଶଵ = ∫ ρ෤ଶଵ (v)dvଷ; 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 Ω୮ = 	0) is 

                                                        ρଵଵ
଴ = 	M(v),                                                     (2.3)                                                   

and all other zeroth-order matrix elements vanish. 

 where        

                                             M(v) 	= 	 ଵ
୴ഥ
ට୪୬ଶ

π
	exp(−ln2୴

మ

୴ഥమ
),   (2.4)                                              

is the Maxwellian velocity distribution of atoms with vത 	= 	 √ln2 v୲୦ and v୲୦ = ටଶ୩ా୘
୫౗

    

is the most probable thermal velocity at a temperature T of an atom of mass mୟ.The 

relevant first-order (i.e., to leading order in probe amplitude) density-matrix equations 

are found as 

ρ෤ଶଵ
(ଵ)=−[i(∆ଶଵ + kሬ⃗ ୮ . vሬ⃗ )+γଶଵ]ρ෤ଶଵ+iΩ୮ρଵଵ

(଴)+iΩୡଵ
∗ ρ෤ଷଵ

(ଵ)+	iΩୡଶ
∗ ρ෤ସଵ

(ଵ),                                (2.5a) 

ρ෤ଷଵ
(ଵ)=−[i(∆ଶଵ + ∆ଷଶ + (kሬ⃗ ୮ + kሬ⃗ ୡଵ). vሬ⃗ )+γଷଶ]ρ෤ଷଵ+iΩୡଵρ෤ଶଵ

(ଵ),                                      (2.5b) 

ρ෤ସଵ
(ଵ)=−[i(∆ଶଵ + ∆ସଶ) + (kሬ⃗ ୮ + kሬ⃗ ୡଶ). vሬ⃗ )+γସଶ]ρ෤ସଵ+iΩୡଶρ෤ଶଵ

(ଵ),                                     (2.5c)                                    
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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 

      Iଶଵ
(ଵ) = ∫ ρ෤ଶଵ

(ଵ)( v)	dvଷ = 	iΩ୮ ∫
୅యభ(୴)୅రభ(୴)୑(୴)ୢ୴య

୅మభ(୴)୅యభ(୴)୅రభ(୴)ା୅యభ(୴)|Ωౙమ|మା୅రభ(୴)|Ωౙభ|మ
,          (2.6)                                       

                where 

                                     Aଶଵ(v) = i(∆ଶଵ + kሬ⃗ ୮. vሬ⃗ ) + γଶଵ,                                         (2.7a)                                        

                                    Aଷଵ(v) = i{൫∆ଶଵ + ∆ଷଶ + ൫kሬ⃗ ୮ + kሬ⃗ ୡଵ൯. vሬ⃗ ൯} + γଷଶ,              (2.7b)                                      

                                    Aସଵ(v) = i൛(∆ଶଵ + ∆ସଶ) + (kሬ⃗ ୮ + kሬ⃗ ୡଶ). vሬ⃗ ൟ	+	γସଶ,                (2.7c)                                                           

In the above equations 2γ୧୨ 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 ൫kሬ⃗ ୮ + kሬ⃗ ୡ୨൯. vሬ⃗ = ൫k୮ − kୡ୨൯v୸ (j = 1, 2) 

in and  kሬ⃗ p. vሬ⃗ = k୮v୸  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:                                           

                                        	χ = N |ஜమభ|మ

ℏஓీ
൬ ୍మభ

(భ)

ஐ౦/ஓీ
൰,                                            (2.8)                                                     

where N is the atomic density of the vapor and 	γୈ(= k୮vത) is the Doppler width in the 

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

of the susceptibility χ give the absorption and dispersion of the probe field.  

Transmission of the probe beam through a vapor cell of length L is governed by                                                

                                              Ip(L) /Ip(0) = exp(α୮L).                                    (2.9a) 

where I(L) and I(0) respectively, are the output (at z = L) and input (at z = 0) probe 

beam intensities and the probe absorption coefficient is given by    

                                                         α୮ = − ଼πమ	
λ౦

Imag(	χ).                                 (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: 

                                      ୍మభ
(భ)

Ω౦
= ୧	

γమభା୧	∆మభା	
|Ωౙభ|మ

γయమశ౟	(∆మభశ∆యమ)	ା	
|Ωౙమ|మ

	γరమశ౟	(∆మభశ∆రమ)

  .          (2.10) 

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 

∆21= −∆32  corresponds to the transition |1〉 → |2〉 → |3〉 whereas the other occurring 

at ∆ଶଵ= −∆ସଶ 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, ∆	(= ∆ଷଶ= ∆ସଶ). In this case a single two photon resonance 

that occurs at  ∆ଶଵ= −∆ 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: 

                                             γଶଵ ≪		 |Ωc1|2

γ32
 + |Ωc2|2

 γ42 
 ,                                             (2.11)                                                                        

the probe absorption is considerably reduced at the position of the two photon 

resonance		∆ଶଵ= −∆. Furthermore, in the exact resonance case, that is, when the 

coupling fields are tuned to exact resonance	∆32= ∆ସଶ= 0, the EIT resonance is 

centered around the probe detuning		∆ଶଵ= 0. Implementation of the criterion specified 

in Eq.(2.11) would require choosing either very large	|Ωcଵ|2, |Ωcଶ|2 or very small γ32 

and 	γସଶ.  
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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 γ32 and γସଶ are very small in order to enable observation of EIT.  

On the other hand when detuning of both the coupling fields are different,  

∆ଷଶ≠ ∆ସଶ 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 Eqs.(2.6) and Eq.(2.7) for counter-propagating (along z axis) coupling 

and probe fields configuration as 

୍మభ
(భ)

ஐ౦
=	 ∫dv୸	M(v୸)	 

                  × 	 ୧

γమభା୧	൫∆మభା୩౦୴౰൯ା	
|Ωౙభ|మ

γయమశ౟(∆మభశ∆యమ)శ౟൫ౡ౦షౡౙభ൯౬౰
	ା	 |Ωౙమ|మ

	γరమశ౟(∆మభశ∆రమ)	శ౟(ౡ౦షౡౙమ)౬౰	

.   (2.12) 

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 kୡ	(= kୡଵ ≅ kୡଶ) 
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(i) kୡ = k୮ case: 

For the case of perfect wave-vector matching the two photon resonances are 

Doppler free,	൫k୮ − kୡଵ൯v୸ = ൫k୮ − kୡଶ൯v୸ = 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 γଶଵ replaced by the Doppler width  γୈ, i. e., 

                                             γୈ ≪		 |Ωc1|2

γ32
 + |Ωc2|2

 γ42 
.                                            (2.13)                                           

(ii) kୡ ≠ k୮ 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 ∆ୡ	(= ∆32≅ ∆42), kୡ	(= kୡଵ ≅ kୡଶ) and γୡ	(= γ32 ≅ γସ2). 

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

     ୍మభ
(భ)

Ω౦
= ∫ dv୸	M(v୸)	 ୧[γౙା୧(∆మభା∆ౙ)ା୧൫୩౦ି୩ౙ൯୴౰]

[γమభା୧	൫∆మభା୩౦୴౰൯][γౙା୧൫∆మభା∆ౙ)ା୧൫୩౦ି୩ౙ൯୴౰൯]ା|Ωౙభ|మା|Ωౙమ|మ
 .      (2.14)  

Eq.(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 Ωୡ =

ඥ|Ωୡଵ|ଶ + |Ωୡଶ|ଶ . 

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: 

୍మభ
(భ)

Ω౦
= ∫dv୸	M(v୸)	 

×
(∆మభା∆ౙ)ା൫୩౦ି୩ౙ൯୴౰ି୧γౙ

	൤(∆మభା∆ౙ)ା(୩౦ି୩ౙ)୴౰ି୧γౙି	
൛∆ౙషౡౙ౬౰శ౟	(γమభ–	γౙ	)ൟ	

మ ൨
మ
ି൦ඨ|Ωౙభ|మା|Ωౙమ|మା

൛∆ౙషౡౙ౬౰శ౟	(γమభ–	γౙ	)ൟ
ర

మ
		൪

మ

		

.(2.15)             

Let us first analyze the above result (Eq.(2.15)) for the matched wave vectors kୡ = k୮ 

case. For this case it is easily seen that at the location of exact two-photon resonance 
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when ∆ଶଵ= −∆ୡ 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 negligible	γୡ). Thus a narrow two photon Doppler free 

transparency resonance is formed around		∆ଶଵ + ∆ୡ= 0. This cancellation can no 

longer occur when the (nonzero) probe frequency detuning ∆ଶଵ	is tuned away from 

the two photon resonance. The residual Doppler broadening terms can then cause 

probe detuning ∆ଶଵ 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		∆ଶଵ + ∆ୡ= 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  kp < kୡ 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 

kୡ = 2k୮ (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 kୡ = 2k୮)  

                                        ∆ଶଵ= − ∆ౙ	
ଶ

± ට|Ωୡଵ|ଶ + |Ωୡଶ|ଶ + {∆ౙି୩ౙ୴౰}
ସ

ଶ
	 .              (2.16) 

Thus we further observe that if the coupling fields are tuned to exact resonance  

∆ୡ= 0 the location of the two AT peaks is symmetric on either side of the probe 

resonance		∆ଶଵ= 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 kp < kୡ 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 

(i) When detuning of both the coupling fields are same (exact resonance 

case), that is, when the coupling fields are tuned to exact resonance		∆ଷଶ=

∆ସଶ= 0, the EIT resonance is centered around the probe detuning	∆ଶଵ= 0. 

 
(ii) When detuning of both the coupling fields are different, ∆ଷଶ≠ ∆ସଶ 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: 

                       k୮v୸ = 	−(η + ξ)/2 ± ඥ[η− ξ]ଶ/4 + [|Ωୡଵ|2 + |Ωୡଶ|2]/α  ,       (2.17) 

             where  

                                             ξ	 = ∆ଶଵ − i	γଶଵ,                                                       (2.18a)  

                                             η = ൫∆ଶଵ + ∆ୡ– 	iγୡ൯/α		,                                         (2.18b)                                                                                      

                                             α = ൫k୮ − kୡ൯/k୮ ≠ 0 .                                          (2.18c)                                                

For the particular case of k୮ < ݇	ୡ wave-vector mismatch, the sign of the residual 

Doppler width ൫k୮ − kୡ൯vത  is negative. For this case we denote   

                                               Φ = หk୮ − kୡห/k୮ = −α ,                                        (2.19)                                
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Using Eq.(2.17) along with Eq.(2.19) in Eq.( 2.14) we obtain    

 ୍మభ
(భ)

Ω౦
= ∫ d୴౰	M(୴౰)

ൣ∆మభା୩౦୴౰ି୧	γమభ൧	
  

    × [1− [|Ωౙభ|మା|Ωౙమ|మ]/Φ

{୩౦୴౰ା
(ηశξ)
మ ା୧ටൣ

|Ωౙభ|2శ|Ωౙమ|2൧
Φ 	ି	[ηషξ]మ

ర 	}{୩౦୴౰ା
(ηశξ)
మ ି୧ටൣ

|Ωౙభ|2శ|Ωౙమ|2൧
Φ 	ି	[ηషξ]మ

ర 	}
].        (2.20) 

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[η− ξ]2/4 < [|Ωc1|2 + |Ωc2|2]/Φ ,                        (2.21a) 

is fulfilled together with                                               

                                            	γଶଵ/2	, γୡ/2Φ < ඥ|Ωୡଵ|ଶ + |Ωୡଶ|ଶ/Φ .                 (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 γD, we can approximate, M(v) ≈ ඥln2 π	vത2⁄ 	 in Eq.(2.20) which can then be 

evaluated using the method of contour integration to obtain the result  

                I21
(1)

Ωp/γD
	= i √πln2	[1 + 

	4Φൣ|Ωc1|2ା|Ωc2|2൧/{ට4Φൣ|Ωc1|2ା|Ωc2|2൧ି	[(ηିξ)Φ]2}

{i(ηିξ)Φିට4Φൣ|Ωc1|2ା|Ωc2|2൧ି	[(ηିξ)Φ]2}
].        (2.22) 

Furthermore using the condition Eq.(2.21b) to ignore γc, Φγ21 in η	 and ξ (defined in 

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

               I21
(1)

Ωp/γD
	= i √πln2	[1 +

i(∆21ା∆cା∆21Φ)ିට4Φൣ|Ωc1|2ା|Ωc2|2൧ି	[∆21ା∆cା∆21Φ]2

ට4Φൣ|Ωc1|2ା|Ωc2|2൧ି	[∆21ା∆cା∆21Φ]2
].     (2.23) 

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

Eq.(2.23) is zero as long as the condition (∆21 + ∆c + ∆21Φ) < ඥ4Φ[|Ωc1|2 + |Ωc2|2] 

(stipulated by Eq.(2.21a) is fulfilled. Clearly full width of this transparency region is 

given by  

                                               γ୲ = 2ඥ4Φ[|Ωc1|2 + |Ωc2|2] .                                 (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  √Φ  for given coupling field powers. Thus 

if Φ = 1 which correspond to the wave-vector mismatch situation of kୡ = 2k୮, almost 

entire region between the AT doublet can be rendered transparent (see also discussion 

preceding Eq.(2.16)). Eqs.(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 kୡ < k୮. 

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 ൫kp − kc൯vത  which, depending on the 

probe and coupling field wave-vector mismatch can be positive (kp > kୡ) or  negative 

(kp < kୡ) and is markedly dissimilar from each other. If the wave-vectors kp  and kୡ 

are the same in magnitude (kp = kୡ), 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., (kp < k௖) the sign of the 

residual Doppler width ൫kp − kc൯vത  is negative). For our numerical calculations we 

have chosen an atomic system in which kp < kୡ୧ (or λ୮ > λୡ୧), (where ci = c1, c2) so 

the sign of the residual Doppler width is negative. This situation can be realized, for 

example, considering the transitions 3S1/2 →3P3/2 →4D3/2 (3S1/2 →3P3/2 →4D5/2) in 

sodium atom. These transitions form a four-level dual cascade (Y-type) EIT 

configuration with one stable ground state 3S1/2 , an intermediate level 3P3/2 and two 

nearly degenerate upper states 4D3/2 and 4D5/2 . The level separation wavelength of the 

lower and intermediate levels is λp = 5890Å (D2 transition) and those of the 

intermediate and upper transitions are λc1 ≅ λc2 = 5688Å. The large wavelength 

mismatch between the counter-propagating coupling and probe fields in this dual 

ladder EIT system introduces a residual Doppler width	൫kp − kc൯vത		/kpvത 	≃ −0.04. 

For comparison purpose the other case of matched (k୮ = kୡ) (and positive (k୮ > kୡ)) 
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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 γD/2π = 1GHz, i.e., 2γ21/	γD = 0.01,		2γ32/	γD = 0.0003	 and 

2γ42/	γD = 0.0019. 

 

 

 

 

 

 

 

 

 

 

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 ( ߱௣ − ߱ଶଵ)/ߛ஽ with coupling field Rabi 

frequencies ߗ௖ଵ = ௖ଶߗ	 = 	ߨ2)	10	 ×  and for various wave-vector mismatch (ݖܪܯ

cases for ݇௣ − ݇௖ = −0.04݇௣ (curves a and c) and ݇௣ = ݇௖ (curves b and d). The 

coupling fields are on resonance (∆ଷଶ= ∆ସଶ= 0). (ii) Probe transmission (Ip(L) /Ip(0)) 

as a function of the probe detuning for wave-vector mismatch ݇௣ − ݇௖ = −0.04݇௣ 

(curve a) and ݇௣ = ݇௖ (curve b). Thus the values unity and zero on y-axis (in this and 

subsequent Figures) correspond respectively, to maximum (Ip(L)=Ip(0)) and minimum 

(Ip(L)=0) transmission of probe intensity. The density-length product (used in 

Eqs.(2.9)) is  NL = 2×1011atoms/cm2 and other parameters are the same as in (i). 

In above Figure 2.2(i) probe absorption (Im(Iଶଵ
(ଵ)γୈ/Ω୮)) and dispersion 

(Re(Iଶଵ
(ଵ)γୈ/Ω୮)) 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 (∆ଷଶ= ∆ସଶ= 0) and the Rabi frequencies are chosen equal (Ωୡଵ = Ωୡଶ) and 

of same magnitude as the spontaneous emission rate of the probe transition 2γଶଵ(= 

2π	×10 MHz). No transparency is found to exist for k୮ > kୡ wave-vector mismatch 

case (hence results not shown). There is no perfect EIT even in the exact wave-vector 

-0 .01 0 .00 0.01
0 .0

0 .2

0 .4

0 .6

0 .8

1 .0

Tr
an

sm
is

si
on

( p-  21)/D

(ii)

a

b

-0 .01 0 .00 0 .01
-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

D
is

pe
rs

io
n 

(a
. u

.) 
   

A
bs

or
pt

io
n 

(a
. u

.)

( p-  21)/D

(i)
a

b

c

d



Chapter 2. Four level dual-ladder system  
 

33 
 

matching (k୮ = kୡ) case (curves b and d). It should be noted that for these values 

(2π	×10 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 k୮ < kୡ (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 k୮ = kୡ case are narrower than those 

observed for k୮ < kୡ 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 k୮ − kୡ and the Rabi 

frequency of the coupling fields. Figure 2.2(ii) shows the probe transmission (using 

Eqs.(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 = 2×1011 atoms/cm2. The transmission 

at line center for k୮ < kୡ (curve a) is very high as compared with the matched 

k୮ = kୡ case (curve b). 

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

on either side of the intermediate level. 

 

 

 

 

 

 

 

Figure 2.3: (i) Probe absorption (a. u.) as a function of the probe field detuning (߱௣ −

߱ଶଵ)/ߛ஽ for the coupling field Rabi frequencies ߗ௖ଵ = 	 ௖ଶߗ = 	ߨ2)	10	 ×  and (ݖܪܯ

various wave-vector mismatch cases, ݇௣ − ݇௖ = −0.04݇௣ (dashed line) and ݇௣ = ݇௖  

(solid line). The coupling fields detuning chosen are, ∆ସଶ= −∆ଷଶ= 	ߨ2)	10 ×  .(ݖܪܯ

(ii) Probe transmission (Ip(L) /Ip(0)) as a function of the probe detuning for density-

length product,  NL = 2×1011 atoms/cm2 and the same parameters as in (i). 
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Figure 2.3(i) shows the probe absorption (Im(I21
(1)γ

D
/Ωp)) 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 ∆ଶଵ + ∆ଷଶ= 0  corresponds to the 3S1/2 →3P3/2 →4D3/2 transition, 

whereas the other occurring at 	∆ଶଵ + ∆ସଶ= 0 corresponds to the 3S1/2 →3P3/2 →4D5/2 

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. 

  

 

 

 

 

 

 

 

 

Figure 2.4: Probe (i) absorption and (ii) dispersion (a. u.) as a function of the probe field 

detuning (߱௣ −߱ଶଵ)/ߛ஽ for strong coupling field Rabi frequencies ߗ௖ଵ = ௖ଶߗ =

	ߨ2)	50 × and various wave-vector mismatch cases, ݇௣ (ݖܪܯ − ݇௖ = −0.04݇௣ 

(dashed line) and ݇௣ = ݇௖  (solid line). Also shown is the case when ݇௖ = 2݇௣ 

(dashed-dot-dot line). 

Finally in Figure 2.4 we show the probe absorption and dispersion profile 
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matched wave-vector	(kc = kp)	case we observe a narrow resonance and complete 

transparency at the probe line center. For illustration purpose also shown is the result 

when kc = 2kp (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 

(kc > kp), equal (kc = kp), or lesser (kc < kp) than that of the probe field frequency. 

Contrary to the usual belief it is found that in the kc > kp 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 (Λ), vee (V) 

and cascade (ladder - Ξ) 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 (◊) 

configuration (shown in Figure 3.1) which has also attracted considerable attention in 

recent years.  

 

 

 

 

 

 

 

 

 

 

Figure 3.1: EIT and nonlinear generation scheme in double ladder configuration. Here  ߗ௣  

and  ߗ௦ respectively, are Rabi frequencies of the weak probe and signal fields. Rabi 

frequencies of the strong pump and coupler fields are  ߗ௠ and  ߗ௖ 	 respectively. The 

probe (signal) and pump (coupler) field frequency detuning from their respective 

atomic transitions are ∆௣= ߱௣−߱ଶଵ(∆௦= ߱௦ −߱ଷଵ) and ∆௠= ߱௠ −߱ସଶ	(∆௖=

߱௖ − ߱ସଷ) respectively. 
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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 	Eሬሬ⃗ ୫ and 

a weak probe field 	Eሬሬ⃗ ୮	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 Eሬሬ⃗ ୡ to the dipole 

transitions |3〉 → |4〉 which also results in the generation of a fourth field Eሬሬ⃗ ୱ		on the 

dipole transitions |1〉 → |3〉 via the process of four wave mixing |1〉 → |2〉 → |4〉 →

|3〉 For this frequency matched process		ω୮ + ω୫ − ωୡ −	ωୱ = 0, the required phase-

matching condition is given by ∆kሬ⃗ = kሬ⃗ ୮ + kሬ⃗ ୫ − kሬ⃗ ୡ −	kሬ⃗ ୱ = 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 

               Eሬሬ⃗ (t) = 	 ∑ Eሬሬ⃗ ℓℓ (t) = ∑ 	[	ε⃗ℓ	e୧൫୩
ሬሬ⃗ ℓ∙୰ሬ⃗ ିωℓ୲൯ + c. c. ]		,ℓ  (ℓ =	p, s, c, m),             (3.1) 
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where  ωℓ	(ε⃗ℓ) is the frequency (amplitude) and 	kሬ⃗ ℓ is the wavevector of the field  

Eሬሬ⃗ ℓ(t), (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 

V୧୬୲ = −ℏ[Ω୮e୧൫୩ሬሬ⃗ ౦∙୰ሬ⃗ ି∆౦୲൯│2〉〈1│+ Ωୱe୧൫୩
ሬሬ⃗ ౩∙୰ሬ⃗ ି∆౩୲൯│3〉〈1│   

                        +Ωୡe୧൫୩ሬሬ⃗ ౙ∙୰ሬ⃗ ି∆ౙ୲൯│4〉〈3│+ Ω୫e୧൫୩ሬሬ⃗ ౣ∙୰ሬ⃗ ି∆ౣ୲൯│4〉〈2│+ H. c. ]. (3.2)              

Here Ωℓ = 	μሬ⃗ ୧୨ ∙ εℓ ℏ⁄ , (ℓ =	p, s, c, m) are the Rabi frequencies and │i	〉〈	j│, (i, j =1, 2, 

3, 4)  are the atomic raising or lowering operators. The dipole operator matrix element 

is given by μሬ⃗ ୧୨ = 	 ⟨i|μሬ⃗ |j⟩, (i, j = 1, 2, 3, 4). The detuning of the field frequencies from 

atomic resonance frequencies are denoted		∆୮= ω୮ − 	ω
ଶଵ

,	∆ୱ= ωୱ	−	ωଷଵ, ∆୫=

ω୫ − ωସଶ and  ∆ୡ= ωୡ − ωସଷ.  

3.2.3. Density matrix-equations of motion 

Time evolution of the slowly varying components of the density matrix 

elements ρ෤ ୨୩can now be written using Eqs.(3.2) and (1.18b) in Eq.(1.21) and the 

following transformations with the frequency matching condition ω୮ + ω୫ − ωୡ −

	ωୱ = 0(= Δ୮ + Δ୫−Δୱ −	Δୡ) to eliminate fast oscillating (exponential) terms as,  

                               ρ෤ଶଵ
(	Ω౦) = 	ρଶଵ

(	Ω౦)eି୧୩ሬሬ⃗ ౦∙୰ሬ⃗ ା୧∆౦୲,                                                       (3.3a) 

                               ρ෤ଷଵ
(	Ω౩) = 	ρଷଵ

(	Ω౩)eି୧୩ሬሬ⃗ ౩∙୰ሬ⃗ ା୧∆౩୲,                                                        (3.3b)                                                                                  

                              	ρ෤ସଵ
൫Ω౦൯ = ρସଵ

൫Ω౦൯eି୧൫୩ሬሬ⃗ ౦ା୩ሬሬ⃗ ౣ൯∙୰ሬ⃗ ା୧൫∆౦ା∆ౣ൯୲,                                  (3.3c) 

                               ρ෤ସଵ
(Ω౩) = ρସଵ

(Ω౩)	eି୧൫୩ሬሬ⃗ ౩ା୩ሬሬ⃗ ౙ൯∙୰ሬ⃗ ା୧(∆౩ା∆ౙ)୲	,                                          (3.3d)                          

                               ρ෤ଶଵ
(	Ω౩) = 	ρଶଵ

(	Ω౩)eି୧(୩ሬሬ⃗ ౩ା୩ሬሬ⃗ ౙି୩ሬሬ⃗ ౣ)∙୰ሬ⃗ ା୧∆౦୲ ,                                    (3.3e)                          

         ρ෤ଷଵ
(	Ω౦) = 	ρଷଵ

(	Ω౦)eି୧൫୩ሬሬ⃗ ౦ା୩ሬሬ⃗ ౣି୩ሬሬ⃗ ౙ൯∙୰ሬ⃗ ା୧∆౩୲.                                  (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 ρ(v) for atoms with velocity vሬ⃗   are 

obtained as, 

ρ෤̇ଶଵ=−[i(−∆୮ + kሬ⃗ ୮. vሬ⃗ )+γଶଵ]ρ෤ଶଵ-iΩ୮(ρଶଶ-ρଵଵ)-	iΩୱρ෤ଶଷ+	iΩ୫
∗ ρ෤ସଵ,                           (3.4a)                                          

ρ෤̇ଷଵ=−[i(−∆ୱ + kሬ⃗ ୱ. vሬ⃗ )+γଷଵ]ρ෤ଷଵ-iΩୱ(ρଷଷ-ρଵଵ)-	iΩ୮ρ෤ଷଶ+	iΩୡ
∗ρ෤ସଵ,                             (3.4b) 

ρ෤̇ସଵ=−[i(−∆୮ − ∆୫ + (kሬ⃗ ୮ + kሬ⃗ ୫). vሬ⃗ ) + Γସଵ]ρ෤ସଵ 

                                                                -iΩୱρ෤ସଷ	iΩ୫ρ෤ଶଵ-iΩ୮ρ෤ସଶ + iΩୡρ෤ଷଵ,         (3.4c)                                                                        

ρ෤̇ଷଶ=−[i(−∆ୱ − ∆୮ + (kሬ⃗ ୱ + kሬ⃗ ୮). vሬ⃗ )+	γଷଶ]ρ෤ଷଶ-iΩ୮
∗ρ෤ଷଵ	+	iΩୱρ෤ଵଶ+iΩୡ

∗ρ෤ସଶ-iΩ୫ρ෤ଷସ, (3.4d) 

ρ෤̇ସଶ=−[i(−∆୫ + kሬ⃗ ୫. vሬ⃗ )+γସଶ]ρ෤ସଶ-iΩ୫(ρସସ-ρଶଶ)+	iΩୡρ෤ଷଶ-	iΩ୮
∗ρ෤ସଵ,                         (3.4e) 

ρ෤̇ସଷ=−[i(−∆ୡ + kሬ⃗ ୡ. vሬ⃗ )+γସଷ]ρ෤ସଷ-iΩୡ(ρସସ-ρଷଷ)+	iΩ୫ρ෤ଶଷ-	iΩୱ
∗ρ෤ସଵ,                            (3.4f) 

ρ̇ଵଵ=	i(Ω୮
∗ρ෤ଶଵ-c.c)+	i(Ωୱ

∗ρ෤ଷଵ-c.c)+2γଶଵρଶଶ+2γଷଵρଷଷ,                                             (3.4g)                                                                                    

ρ̇ଶଶ=	i(Ω୮ρ෤ଵଶ-c.c)+i(Ω୫
∗ ρ෤ସଶ-c.c)+2γସଶρସସ-2γଶଵρଶଶ,                                              (3.4h)                                                                                                                                

ρ̇ଷଷ=	i(Ωୱρ෤ଵଷ-c.c)+i(Ωୡ
∗ρ෤ସଷ-c.c)	+2γସଷρସସ-2γଷଵρଷଷ,                                               (3.4i)                                                                 

ρ̇ସସ=	i(Ω୫ρ෤ଶସ-c.c)+i(Ωୡρ෤ଷସ-c.c)-2γସଶρସସ-2γସଷρସସ.                                                (3.4j)                                                    

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, Ω୮ and signal, Ωୱ fields all the population initially, is in the 

ground level |1〉 with a Maxwellian velocity distribution 

M(v) = [ln2 (πvതଶ)⁄ ]ଷ ଶ⁄ 	exp	(−ln2	vሬ⃗ ∙ vሬ⃗ /vതଶ) where vത = √ln2	v୲୦ and v୲୦ =

ඥ2k୆T/mୟ   is the most probable thermal velocity at a temperature T of an atom of 

mass ma  and  kB is the Boltzmann constant. Thus the zero-order solution of density 

matrix elements in the absence of probe (i.e., putting Ω୮ = Ωୱ = 0) is given simply 

by ρଵଵ
଴ = 	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 

Ω୮, signal Ωୱ amplitude) slowly varying components of the density matrix elements 

are obtained as follows: 
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ρ෤̇ଶଵ
(Ω౦) = −{i(−∆୮ + kሬ⃗ ୮ ∙ vሬ⃗ ) + γଶଵ}ρ෤ଶଵ

(	Ω౦)+	iΩ୮M(v)+iΩ୫
∗ ρ෤ସଵ

(Ω౦),   (3.5a)                  

ρ෤̇ଷଵ
(Ω౩) = −{i(−∆ୱ + kሬ⃗ ୱ ∙ vሬ⃗ ) + γଷଵ}ρ෤ଷଵ

(	Ω౩)+	iΩୱM(v)+	iΩୡ
∗ρ෤ସଵ

(Ω౩),                     (3.5b) 

ρ෤̇ସଵ
(Ω౦) = −൛i[൫−∆୮ − ∆୫ + (kሬ⃗ ୮ + kሬ⃗ ୫൯ ∙ vሬ⃗ 	] + Гସଵൟρ෤ସଵ

(Ω౦)+iΩୡρ෤ଷଵ
(Ω౦)+iΩ୫ρ෤ଶଵ

(Ω౦),    (3.5c) 

ρ෤̇ସଵ
(Ω౩) = −൛i[(−∆ୱ − 	∆ୡ) + (kሬ⃗ ୱ + kሬ⃗ ୡ) ∙ vሬ⃗ 	] + Гସଵൟρ෤ସଵ

(Ω౩)+iΩୡρ෤ଷଵ
(Ω౩)+iΩ୫ρ෤ଶଵ

(Ω౩),       (3.5d) 

ρ෤̇ଶଵ
(Ω౩)

= −൛iൣ−∆୮+(kሬ⃗ ୱ + kሬ⃗ ୡ − kሬ⃗ ୫൯ ∙ vሬ⃗ 	] + γଶଵൟρ෤ଶଵ
(Ω౩)+iΩ୫

∗ ρ෤ସଵ
(Ω౩),                        (3.5e) 

ρ෤̇ଷଵ
൫Ω౦൯ = −൛iൣ−∆ୱ+(kሬ⃗ ୔ + kሬ⃗ ୫ − kሬ⃗ ୡ൯ ∙ vሬ⃗ 	] + γଷଵൟρ෤ଷଵ

൫	Ω౦൯+iΩୡ
∗ρ෤ସଵ

൫Ω౦൯.                       (3.5f) 

In the above equations 2γ୧୨ are the spontaneous emission rates from level |i〉 → |j〉 (i, j 

=1- 4) and Гସଵ = γସଶ + γସଷ is the dephasing rate of the two-photon coherence 

established by probe and pump (or signal and coupler) fields between the states 

|1〉 → |4〉.  

From the transformation equations (Eq.(3.3)) with the frequency matching 

condition ω୮ + ω୫ − ωୡ −	ωୱ = 0	(= Δ୮ + Δ୫−Δୱ −	Δୡ) were used to obtain set 

of equations (Eqs.(3.5a) through Eqs.(3.5f)) describing time evolution of the slowly 

varying components of the density matrix elements	ρ෤ ୨୩. 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 ∆kሬ⃗  = 0 can be used to further determine the wave vectors 

of the generated signal as kሬ⃗ ୱ = kሬ⃗ ୮ + kሬ⃗ ୫ − kሬ⃗ ୡ (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  kሬ⃗ ୮ = kሬ⃗ ୱ + kሬ⃗ ୡ − kሬ⃗ ୫ (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 put	kሬ⃗ ୱ = zො	kୱ,	kሬ⃗ ୡ = −zො	kୡ, kሬ⃗ ୮ = zො	k୮ and  

kሬ⃗ ୫ = −zො	k୫ where k୨ = 	ω୨/c , (j = p, m, s, c) are the wavenumbers. As kሬ⃗ ୨ ∙ vሬ⃗ =

k୨	v୸, (j = 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 ρ୨୩ are in the interaction picture and they 

are related to their counterparts ρ୩୨
ୱ  in the Schrodinger picture via the relation ρ୨୩ = 

ρ୨୩
ୱ e୧ωౠౡ୲. 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 

Iଶଵ
൫Ω౦൯ = 	eି୧൫୩౦୸ିω౦୲൯ ∫ ρଶଵ

൫Ω౦൯( v)	dv = 

                                            iΩ୮ ∫dv	M(v)
	ቀξ౩(୴)ϕ౦ౣ(୴)ା|Ωౙ|మቁ

ξ౦(୴)ξ
౩

(୴)ϕ
౦ౣ

(୴)ା|Ωౣ|మξ౩(୴)ା|Ωౙ|మξ౦(୴)
     (3.6a)  

Iଷଵ
(Ω౩) = 	eି୧(୩౩୸ିω౩୲) ∫ ρଷଵ

(Ω౩)( v)	dv = 

                                           iΩୱ ∫ dv	M(v)
ቀξ౦(୴)η

౩ౙ
(୴)ା|Ωౣ|మቁ	

ξ౦(୴)ξ
౩

(୴)η
౩ౙ

(୴)ା|Ωౣ|మξ౩(୴)ା|Ωౙ|మξ౦(୴)
 .      (3.6b)   

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 

Iଶଵ
(Ω౩) = eି୧൫୩౦୸ିω౦୲൯ ∫ ρଶଵ

(Ω౩)( v)dv =	 

                                        −iΩୱ ∫ dv	M(v) |Ωౣ||Ωౙ	|
ξ౦(୴)ξ

౩
(୴)η

౩ౙ
(୴)ା|Ωౣ|మξ౩(୴)ା|Ωౙ|మξ౦(୴)

,       (3.7a)  

Iଷଵ
(Ω౦) = eି୧(୩౩୸ିω౩୲) ∫ ρଷଵ

(Ω౦)( v)dv = 

                                        −iΩ୮ ∫ dv	M(v) |Ωౣ||Ωౙ	|
ξ౦(୴)ξ

౩
(୴)ϕ

౦ౣ
(୴)ା|Ωౣ|మξ౩(୴)ା|Ωౙ|మξ౦(୴)

      (3.7b) 

where 

                                          ξ୮(v) = 	iൣk୮v	−	∆୮൧ + γଶଵ ,                                  (3.8a) 

                                          ξୱ(v) = i[kୱv−	∆ୱ] + γଷଵ ,                                           (3.8b)                                                   

                                           ϕ୮୫(v) = iൣ(k୮ − k୫)v − ∆୮ − ∆୫൧ + Гସଵ,              (3.8c)                                                      

                                           ηୱୡ(v) = 	i[(kୱ − kୡ)v − ∆ୱ − ∆ୡ] + Гସଵ  .                (3.8d)                                                          
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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-I) 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, Ωୡ	 = 0, reduces to the usual EIT result for three-level cascade system. 

Let us recall that EIT in an isolated (three level ladder) subsystem-I 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 Ωୡ	 to an adjacent transition 

involving the common upper but different intermediate level (of subsystem-II) 

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 Ωୡ	 gives rise to generation of a fourth weak (signal) field on the ground to 

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

Iଷଵ
(Ω౦) (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-II) is formed. We note from Eq.(3.7) that the 

nonlinear coherences Iଷଵ
(Ω౦)(and Iଶଵ

(Ω౩)) 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 Iଶଵ
(Ω౩). 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 ϕ୮୫(v) (and ηୱୡ(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  

                                    (∇ଶ − ଵ
ୡమ

பమ

ப୲మ
)Eℓ = ସπ

ୡమ
பమ

ப୲మ
(Pℓ

୐ + Pℓ
୒୐) ,  (ℓ = s, p).        (3.9) 

where Pℓ
୐ and Pℓ

୒୐  respectively, are the macroscopic linear and nonlinear 

polarizations associated with and aligned along the direction of the field Eሬሬ⃗ ℓ. 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 = N	Tr(μ < ρ >) = N∑ μ୨୩ < ρ୩୨ >ସ
୨,୩ୀଵ   

                                                 = Nμଵଶ < ρଶଵ > +Nμଵଷ < ρଷଵ > +	c. c.              (3.10) 



Chapter 3. Four-Level Double-Ladder System  
 

47 

 

Here angular brackets < > denote averaging over thermal velocities i.e.,< ρ୧୨ >=

∫ ρ୧୨(v)dv. We thus have 

                       Pଷଵ = Pୱ୐ + Pୱ୒୐ = Nμଵଷ ቀIଷଵ
(Ω౩) + Iଷଵ

൫Ω౦൯ቁ e୧(୩౩୸ିω౩୲) + c. c.  ,         (3.11a) 

                       Pଶଵ = P୮୐ + P୮୒୐ = Nμଵଶ ቀIଶଵ
൫Ω౦൯ + Iଶଵ

(Ω౩)ቁ e୧(୩౦୸ିω౦୲) + c. c. .       (3.11b) 

Substituting  Eqs.(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: 

                                          ப
ப୸

εୱ = α౩
ଶ

εୱ + β౩
ଶ

ε୮ ,                                                    (3.12a)

                              ப
ப୸

ε୮ = α౦
ଶ

ε୮ +
β౦
ଶ

εୱ .                                                   (3.12b)                                                  

The second term	β୨	, (j = s, p) on the right-hand side of Eqs.(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 α୨ (j = s, p) originate from the linear 

polarization and describe EIT absorption (EIT) and dispersion properties of the 

atomic medium. These are given by 

                    αୱ = i ସπ୒
ℏγీ

݇ୱหµଷଵห
ଶ
൬ ୍యభ

(Ω౩)

Ω౩/γీ
൰ ,	βୱ = i ସπ୒

ℏγీ
݇ୱหµଷଵหหµଶଵห ቆ

୍యభ
൫Ω౦൯

Ω౦/γీ
ቇ	,        (3.13a)      

                    α୮ = i ସπ୒
ℏγీ

݇୮หµଶଵห
ଶ
ቆ ୍మభ

൫Ω౦൯

Ω౦/γీ
ቇ,	β୮ = i ସπ୒

ℏγీ
݇୮หµଷଵหหµଶଵห ൬

୍మభ
(Ω౩)

Ω౩/γీ
൰	.       (3.13b) 

It should be noted that since  αୱ ∝ iIଷଵ
(Ω౩)	, the real and imaginary parts of αୱ	 (α୮	) 

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 αୱ (α୮	) is zero at exact resonance. Thus it can be shown and 

verified numerically that the coefficients α୨	 and  β୨	 (j = s, p) given by Eqs.(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 ε୮(z = 0) = ε୮(0) and  
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εୱ(z = 0) = 0, the coupled set of Eqs.(3.12) can be solved to obtain the field 

amplitudes for the signal, εୱ(z) and the probe wave, ε୮(z) in the medium as 

                          εୱ(z) = ε୮(o) β౩
ଶΦ

exp ቄቀα౦ାα౩
ସ
ቁ zቅ sinh(Φz) ,                              (3.14a)                              

            ε୮(z) = ε୮(o) exp ቄቀα౦ାα౩
ସ
ቁ zቅ (cosh(Φz) +

(α౦ିα౩)

ସΦ
sinh(Φz)) ,             (3.14b)  

                                      

where   

                                      Φ = ටβୱβ୮/4 + (α୮/4− αୱ/4)ଶ   .                                 (3.15) 

It is also evident from Eqs.(3.14) and (3.15) that an optimal case for signal generation 

is when	Φ attains a minimum value. This occurs when the (on-resonance) absorption 

coefficients (for the probe and signal) in both the ladder subsystems become equal 

i.e.,  

α୮ = αୱ(= −α) 

Using Eq.(3.16) in Eq.(3.15) we obtain the following expression for the relative (to 

incident probe intensity) signal and probe intensities 

                  ୍౩(୸)
୍౦(୭)

= |ε౩(୸)|మ

หε౦(୭)หమ
= β౩

β౦
 ଵ
ସ

(e
[ටβ౩β౦ 		ି	α]୸

+ 	e
ି[ටβ౩β౦		ା	α]୸

− 2eି	α୸	) ,   (3.17a)

       ୍౦
(୸)

୍౦(୭)
= หε౦(୸)หమ

หε౦(୭)หమ
= ଵ

ସ
	(e

[ටβ౩β౦		ି	α]୸
+ 	e

ି[ටβ౩β౦		ା	α]୸
+ 2eି	α୸	).            (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 α and βୱ, β୮ 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 (βୱβ୮)ଵ/ଶ and the 

absorption (loss) coefficient		α. Hence the fields may exhibit gain, ((βୱβ୮)ଵ/ଶ > α 

attenuation ((βୱβ୮)ଵ/ଶ < α) or matching ((βୱβ୮)ଵ/ଶ = α) 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 

                                                       β౩
β౦

= ௞౩
௞౦

× ୍యభ
൫Ω౦൯/Ω౦

୍మభ
(Ω౩)/Ω౩

	,  (3.18a)                                               

         α౩
α౦
	= ௞౩

௞౦
× หµయభห

మ

หµమభห
మ × ୍యభ

(Ω౩)/Ω౩

୍మభ
൫Ω౦൯/Ω౦

 .                   (3.18b) 

Obviously the absorption and nonlinear generation coefficients (through I୫ଵ
൫Ωౠ൯ (j = s, p; 

m = 2, 3)) depend upon system and field parameters such as the level decay rates	γ୧୨ 

(i, j = 1- 4), the field strength (|Ωୡ|ଶ	, |Ω୫|ଶ). These also depend through the factor 

ηୱୡ(v) (and  ϕ୮୫(v)), on the residual Doppler broadening caused by the two-photon 

wave-vector mismatch ks − kc (and kp − km) between the signal and coupler (probe 

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

frequencies are: 

(i) Non-degenerate case, ܛܓ ≠   :ܘܓ

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 μ୧୨ (i, j = 1 − 3) 

of the transitions and the wavenumber k୨ (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		ωୱ ≫ ω୮. In this particular case kୱ ≫ kୡ in the 

subsystem-I formed by the transition (5S1/2→ 6P3/2→5D5/2) and therefore the 

wavenumber mismatch kୱ − kୡ has a positive sign and is very large compared with 

the (one-photon) Doppler width of the probe transition. Whereas k୮ ≈ k୫ in the other 

subsystem-II formed by the transition 5S1/2→ 5P3/2→5D5/2 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,	α୮ = αୱ	. 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. 

(ii)  Degenerate case, ܛܓ =  :ܘܓ

In contrast for degenerate probe and signal frequencies (ωୱ = ω୮), kୱ = k୮ 

and therefore the residual Doppler broadening in the two subsystems will be equal. 

But the dipole moments μ୧୨ and the spontaneous decay rates γ୧୨ of the signal and probe 

transitions may still be dissimilar. In this situation, the ratios ஒ౩
ஒ౦

 and  α౩
α౦

 will depend 

(see Eq.(3.18)) only on the nature of the wavenumber mismatch and the strength of 

the drive fields. 

(iii) Nearly degenerate case: 

It remains to be seen what happens in the second case of nearly degenerate 

signal and probe frequency (ωୱ~ω୮ ) involving excitation of different intermediate 

transitions ( μଵଷ ≠ μଵଶ) for signal and probe in each ladder subsystem. Let us consider 

a case when kୱ	(k୮) does not differ much from 	kୡ	(k୫). It is then expected that if the 

applied driving fields strengths are much large compared with the wavenumber 

mismatch ϕ୮୫, ηୱୡ and level decay rates γଶଵ, γଷଵ etc., so that the first term in the 

numerator and denominator of Eqs.(3.6) and (3.7) are negligible compared to the field 

strength (|Ωୡ|ଶ	, |Ω୫|ଶ) dependent terms, the relations Eqs.(3.18) will reduce to the 

form 

                                              ஒ౩
ஒ౦
≅ ௞౩

௞౦
 ,                                                   (3.19a)

      α౩
α౦
	≅ ௞౩

௞౦
×

หµయభห
మ

หµమభห
మ × |ஐౣ|మ

|ஐౙ|మ  .                                      (3.19b)             

The above mentioned nearly degenerate situation may arise for instance, in typical 

alkali atoms when using D1 (D2) lines as intermediate levels. In this situation if the 

probe and signal fields are generated respectively, on the D1 and D2 transitions, the 
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wavenumbers are nearly equal (kୱ ≅ k୮) but the transition strength is หµ31ห
2

=

2หµ21ห
2
. Using these values in Eq.(3.19) we find that for a given pump amplitude Ωm, 

the value of pump amplitude  Ωc at which absorption coefficients for probe and signal 

in both ladder subsystems becomes equal (αs = αp	 = α) is obtained as 

                                                   |Ωc| = √2|Ωm| .                                                (3.20a) 

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

relation 

                                                          βs ≅ βp,                                                       (3.20b) 

which in conjunction with Eq.(3.19) implies that  ටβsβp 		− 	α = 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 (kୱ = k୮) 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 µij and the spontaneous decay rates γij 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 

|Ωc| = |Ωm| .  

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 

Eqs.(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 
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easily be realized. For illustration, let us consider a 87Rb atom in which a weak 795 

nm (probe) laser is tuned to the 52S1/2→ 52P1/2 (D1 line) transition and a strong 762 

nm (pump) laser driving the transition 52P1/2→ 52D3/2 form a three level ladder 

subsystem-I. The other ladder subsystem-II is formed by an applied strong 776 nm 

coupler laser on the transition 52D3/2→52P3/2 and the internally generated weak signal 

field on the 780 nm, 52P3/2→ 52S1/2 transition (D2 line). Since k୮ < k୫(kୱ < kୡ), in 

this double ladder scheme, the sign of the wavenumber mismatch between the probe 

and pump fields	(kp − km) in subsystem-I and that between the generated signal and 

coupling fields	(ks − kc)		in the other ladder subsystem-II are negative. These 

wavenumber mismatches introduces a residual Doppler width of the order 

11(MHz×2π) in subsystem-I and 1.3(MHz×2π) in subsystem-II. Furthermore, to 

facilitate comparison we also show numerical results for the other two (hypothetical) 

cases of, perfect wavenumber matching k୮ = k୫(kୱ = kୡ) and positive mismatch 

which occurs when k୮ > k୫(kୱ > kୡ). In our numerical calculations both drive fields 

(pump and coupler) are fixed on resonance with their respective transitions, ∆ସଶ=

∆ସଷ= 0 and all other parameters are expressed in units of the Doppler width 	γୈ(=

kpvത	), i. e., 	2γଶଵ/	γୈ = 	2γଷଵ	/	γୈ 	= 	0.024, Γସଵ/	γୈ = (γସଶ + 	γସଷ)/	γୈ = 	0.001. 

The Doppler width (half width at half maximum) γୈ chosen is 250 (MHz × 2π).  

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

coherence Iଶଵ
൫Ω౦൯/(Ω౦

ஓీ
) as a function of the probe detuning	∆୮/γୈ. Figure 3.2 illustrates 

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 

(Ω୫ = 0), we obtain the result for an isolated three-level cascade subsystem-I (see 

Figure 3.2(i) and (iii)). It is the general belief that perfect two-photon Doppler 

cancellation i.e., k୮ = kୡ 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-I, for example) for 

observation of EIT 

                     Ω୫ >> ඥγୈ × γସଶ    ( or  	Ω୫ >>	8MHz	× 2π) ,                (3.21) 
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as against the requirement for the wavenumber mismatch case 

                    Ω୫ >> ඥγୈ × |k୮−k୫|vത   (or 	Ω୫ >>	50MHz	× 2π) ,      (3.22)        

where |k୮−k୫|vത is the (magnitude) of the residual Doppler width due to the 

wavenumber mismatch between the pump-probe fields. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Influence of wave-vector mismatch on probe EIT [݉ܫ	ܫ)ଶଵ
൫Ω೛൯ߛ஽/Ω௣	)] as function 

of probe detuning 	∆௣/ߛ஽ for various values of the coupler and pump field Rabi 

frequencies, (i)	ߗ௖ = ௠ߗ	,0.0 = ஽ߛ0.05 	(ii)	ߗ௖ = ௠ߗ = ௖ߗ	஽ (iii)ߛ0.05 = ௠ߗ	,0.0 =

௖ߗ	஽ (iv)ߛ0.1 = ௠ߗ = ஽ . The wavenumber mismatch, ݇௣ߛ0.1 − ݇௠ are – 0.04	݇௣ 

(dash-dot-dot curves), 0 (solid curves) and +0.04	݇௣ (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 γୈ replaced by the one-photon 

(homogeneous) dephasing rate γଶଵof 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  Ω୫/γୈ should be much greater than 0.03 (for k୮ = k୫) 
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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 Ω୫/γୈ =

0.05		and		0.1. Moreover for Ω୫/γୈ = 0.05 the complete two-photon Doppler 

cancellation (k୮ = k୫) 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 (Ω୫/γୈ = 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 Ωୡ 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 

Ωୡ the probe transparency is maximum whereas the signal field does not exist. As the 

coupling field amplitude Ωୡ 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 Ωୡ = Ω୫ (curves b in Figure 3.3) and for coupler field amplitude larger than 

the pump (Ωୡ > Ω୫), signal EIT is higher than the probe EIT.  

 

 

 

 

 

 
 
 
 
 
Figure 3.3: EIT of (i) probe [݉ܫ	ܫ)ଶଵ

൫Ω೛൯ߛ஽/Ω௣)] and (ii) generated signal [݉ܫ	ܫ)ଷଵ
(Ωೞ)ߛ஽/Ω௦)] 

as a function of the probe (signal) field detuning ∆௣/ߛ஽ (∆௦/ߛ஽) for various coupling 

field Rabi frequencies ߗ௖ = 0 (curve a), ߗ௖ = ௖ߗ ௠ (curve b) andߗ =  ௠ (curveߗ2√

c). The value of the pump field Rabi frequency is fixed at 	ߗ௠/ߛ஽= 0.1. Only the 

actual wavenumber mismatch cases for the probe (݇௣ − ݇௠ = −0.04	݇௣) and signal 

(݇௦ − ݇௖ = −0.005	݇௣) fields are plotted. 

 
 

 

 

 

 

 
 
Figure 3.4: On-resonance (	∆௣= ∆௠= ∆௖= 0) absorption (nonlinear) coefficient values of 

the probe ߙ௣ (ߚ௣) and signal ߙ௦ (ߚ௦) as a function of the coupler amplitude, ߗ௖/ߛ஽. 

The value of the pump amplitude is fixed at, ߗ௠/ߛ஽ = 0.1. The atomic density of the 

vapor is N=2×1011 atoms-cm-3. It should be noted that for the given pump amplitude 

஽ߛ/௠ߗ) = 0.1) the absorption and nonlinear coupling coefficients for the signal and 

probe fields are equal when ߗ௖/ߛ஽ = ஽ߛ/௠ߗ	2√ = 0.1414. 
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We now explore numerically, the field generation process and propagation 

characteristics of the signal and probe fields, using Eqs.(3.13) and (3.14). For this 

purpose shown in Figure 3.4 are the values of on-resonance (i.e.,∆୮= ∆ୱ= 0) 

absorption coefficient, α୮(αୱ) as well as the nonlinear coefficients, β୮(βୱ) for probe 

(signal) field as a function of the coupler field Rabi frequency Ωୡ/γୈ for a fixed pump 

field Rabi frequency, Ω୫/γୈ = 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		Ωୡ = √2Ω୫. Furthermore we find that when Ωୡ = √2Ω୫ the absorption 

coefficients, 	(α୮ = αୱ) and nonlinear coefficients, (β୮ = βୱ	) 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 α is 

compensated for by the effective (nonlinear) gain given by β in the medium. 

 

 

 

 

 

 

 

 

Figure 3.5: Variation of the relative intensity of the probe 
หఌ೛(௭)หమ

หఌ೛(௢)หమ
	(×100) and generated 

signal |ఌೞ(௭)|మ

หఌ೛(௢)หమ
	(×100) as a function of the dimensionless parameter ݖߙ where ݖ is the 

propagation distance in the vapor and the value of 	ߙ௝ (and ߚ௝),(j = p, s) are 

evaluated at line center (	∆௣= ∆௠= ∆௖= 0) for ߗ௠/ߛ஽ = 0.1	 and  ߗ௖ =  . ௠ߗ2√

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 Ωୡ = √2Ω୫ (with Ω୫/γୈ = 0.1) and α = β. The relative signal (probe) 
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intensity given by 	| க౩(୸)
க౦(୭)

|ଶ  (| க౦(୸)
க౦(୭)

|ଶ) is plotted as a function of the dimensionless 

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

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 αz the generated signal and probe are amplitude (or intensity) 

matched, i.e., εୱ(z)/ε୮(o) = ε୮(z)/ε୮(o) = 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 α = β 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 

Ωୡ (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 k୮ = k୫ 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 6S1/2 → 6P3/2 → 8S1/2 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 6P3/2  

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

 

 

 

 

 

 

 

 

 

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 	ߗ௠ (ߗ௖). The 

lower transitions are connected by weak probe (signal) field of Rabi frequency ߗ௣ 

 The detuning of the probe (signal) from the respective atomic transition is given .(௦ߗ)

by ߂ = 	 ௣߂ (௦߂)	 = ߱ଶଵ −߱௣ 	(߱ଷଵ − ߱௦). 

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 

                                  Eሬሬ⃗ (t) = 	 ∑ Eሬሬ⃗ ℓℓ (t) , (ℓ =	p, s, c, m ) ,                                       (4.1)  

where                                                                  

                                   Eሬሬ⃗ ℓ(t) = ε⃗ℓ	e୧൫୩
ሬሬ⃗ ℓ.୰ሬ⃗ ିனℓ୲൯ + c. c ,  (ℓ =	p, s, c, m ) ,                   (4.2) 

Δୱ Δ୮ 

|1〉 

|2〉 |3〉 

|4〉 

Ω୮ Ωୱ 

Ωc Ω୫ 

=         Δ         =    
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and ωℓ	(ε⃗ℓ) is the frequency (amplitude)  and 	kሬ⃗ ℓ is the wave vector of the field  Eሬሬ⃗ ℓ(t), 

(ℓ =	p, s, c, m ). The Rabi frequencies of the pump, coupler, probe and signal fields 

respectively, are Ω୫ = 	μሬ⃗ ସଶ ∙ ε⃗୫ ℏ⁄ , Ωୡ = μሬ⃗ ସଷ ∙ ε⃗ୡ ℏ⁄ , Ω୮ = 	μሬ⃗ ଶଵ ∙ ε⃗୮ ℏ⁄  and Ωୱ =

	μሬ⃗ ଷଵ ∙ ε⃗ୱ ℏ⁄  where the dipole operator matrix element is given by μሬ⃗ ୧୨= ⟨i|μሬ⃗ |j⟩, (i, j = 1, 

2, 3, 4).  

In this four-level coupled double-ladder system (Figure 4.1) the resonant 

pump (coupler) field with Rabi frequency Ω୫ (Ωୡ) drives the transition |2〉 → |4〉 

(|3〉 → |4〉) at a wavelength 794.3 nm and wavevector		kሬ⃗ ୫(	kሬ⃗ ୡ). A weak probe 

(signal) field drives the transition |1〉 → |2〉 (|1〉 → |3〉) with Rabi frequency  Ω୮ (Ωୱ) 

tuned at 852.2 nm and wavevector		kሬሬ⃗ ୮(	kሬ⃗ ୱ). The detuning of the field frequencies 

from atomic resonance frequencies are denoted		∆= ∆୮(∆ୱ) = ω୮ − ω
ଶଵ

(ωୱ	−	ωଷଵ), 

∆୫(∆ୡ) = ω୫ − ωସଶ	(ωୡ − ωସଷ) = 0(at exact resonance of pump and coupler 

fields	∆ୡ	= ∆୫= 0).  

Coupling between the two subsystems results in four wave mixing process 

with the phase-matching condition given by ∆k	 = 	kሬሬ⃗ ୮ + kሬ⃗ ୫ − kሬ⃗ ୡ −	kሬ⃗ ୱ = 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 

        V୧୬୲ = −ℏ[Ω୮e୧൫୩ሬሬ⃗ ౦∙୰ሬ⃗ ି∆౦୲൯│2〉〈1│+ Ωୱe୧൫୩ሬሬ⃗ ౩∙୰ሬ⃗ ି∆౩୲൯│3〉〈1│ 

                       +Ωୡe୧൫୩ሬሬ⃗ ౙ∙୰ሬ⃗ ି∆ౙ୲൯│4〉〈3│+ Ω୫e୧൫୩ሬሬ⃗ ౣ∙୰ሬ⃗ ି∆ౣ୲൯│4〉〈2│+ H. c. ].              (4.3)  

Here Ωℓ = 	 μሬ⃗ ୧୨ ∙ εℓ ℏ⁄ , (ℓ =	p, s, c, 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  ρ୨୩ with phenomenological 

inclusion of various relaxation processes such as spontaneous emissions from upper 

and intermediate levels 2γ୧୨ (i, j = 1 – 4) and Doppler broadening can be determined 

using Eqs.(4.3) and (1.18b) in Eq.(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 ρ෤̇ jk of density-matrix elements 

for the double ladder (◊) 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 

velocity averaged one-photon coherences I୧୨
(ஐౡ) 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: 

Iଶଵ
൫ஐ౦൯ = 	eି୧൫୩ሬሬ⃗ ౦.୰ሬ⃗ ିன౦୲൯ ∫ρଶଵ

൫ஐ౦൯( v)	dvଷ = 

                                                 iΩ୮  ∫
ቀ	୅రభ(୴)ା|ஐౙ|మ/୅యభ(୴)ቁ୑(୴)ୢ୴య

୅మభ(୴)൫୅రభ(୴)ା|ஐౙ|మ/୅యభ(୴)ା|ஐౣ|మ/୅మభ(୴)൯
 ,       (4.4a)                                                            

Iଷଵ
(ஐ౩) = 	eି୧൫୩ሬሬ⃗ ౩.୰ሬ⃗ ିன౩୲൯ ∫ρଷଵ

(ஐ౩)( v)	dvଷ 	= 

                                                 iΩୱ ∫
ቀ	୅రభ(୴)ା|ஐౣ|మ/୅మభ(୴)ቁ୑(୴)ୢ୴య

୅యభ(୴)൫୅రభ(୴)ା|ஐౙ|మ/୅యభ(୴)ା|ஐౣ|మ/୅మభ(୴)൯
 .        (4.4b)                          

 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 

Iଶଵ
(ஐ౩) = eି୧(୩ሬሬ⃗ ౦.୰ሬ⃗ ିன౦୲) ∫ρଶଵ

(ஐ౩)( v)	dvଷ =                                                                                                                                               

                                         	ΩୱΩୡΩ୫∗ ∫
(ି୧)	୑(୴)ୢ୴య

୅మభ(୴)୅యభ(୴)୅రభ(୴)ା୅మభ(୴)|ஐౙ|మା୅యభ(୴)|ஐౣ|మ
 ,    (4.5a) 

Iଷଵ
(ஐ౦) = eି୧(୩ሬሬ⃗ ౩.୰ሬ⃗ ିன౩୲) ∫ ρଷଵ

(ஐ౦)( v)	dvଷ =         

                                        	Ω୮Ωୡ∗	Ω୫ ∫
(ି୧)	୑(୴)ୢ୴య

୅మభ(୴)୅యభ(୴)୅రభ(୴)ା୅మభ(୴)|ஐౙ|మା୅యభ(୴)|ஐౣ|మ
.    (4.5b)                                                                                    
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here  

                                               M(v) = ඥln2/(πvതଶ)exp(−ln2	vଶ/vതଶ)                     (4.6) 

is the Maxwellian velocity distribution of atoms with vത = √ln2	v୲୦ and v୲୦ =

ඥ2k୆T/mୟ    is the most probable thermal velocity at a temperature T of an atom of 

mass ma  and  

                                          Aଶଵ(v) = 	iൣ∆ + kሬ⃗ ୮ . vሬ⃗ ൧ + γଶଵ ,                                      (4.7a)                                      

                                          Aଷଵ(v) = iൣ∆ + kሬ⃗ ୱ. vሬ⃗ ൧ + γଷଵ  ,                                      (4.7b)                                     

                                          Aସଵ(v) = iൣ∆+(kሬ⃗ ୮ + kሬ⃗ ୫). vሬ⃗ ൧ + Γସଵ .                            (4.7c)                                                                         

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  

                                χ	= 	N หμౣభห
మ

ℏγీ
൭ ୍ౣభ

ቀಈౠቁ	
Ωౠ/γీ

൱,  (j = p, s; m = 2, 3),                    (4.8)  

where N is the atomic density of the vapor and 	γୈ (= k୮vത) is the Doppler width in 

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

respectively of the susceptibility χ give the absorption and dispersion of the probe 

field. 

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

 v୥ = ୢன౦

ୢ୩(ன౦)
= େ

୬ାன౦൫ୢ୬ ன౦⁄ ൯
= େ

ଵାଶ஠	(஧౎౛ା୧	஧౅ౣ	)ାଶ஠	ன౦	[	
ౚ

ౚಡ౦
(஧౎౛)ା୧ ౚ

ౚಡ౦
(஧౅ౣ)]

= 	 େ
୬ౝ

,    (4.9)                                   

When all the fields coupling (pump) fields and probe (signal) fields are on resonance 

(∆ସଷ(∆ସଶ)	= ∆ଶଵ(∆ଷଵ) =0), the probe absorption is an extremum so that 

d ቂImቀIଷଵ
(ଵ) Ω୮ൗ ቁቃ dω୮ൗ = d[	χ୍୫] dω୮⁄ =0, χୖୣ = 0 (on resonance) and χ୍୫ is 

negligible compare with other terms in the denominator. Therefore for on-resonance 

case the group velocity v୥୨ of the probe and signal is obtained as 

                                          v୥୨ = େ

ଵାଶ஠னౠ
ొ|ಔౣభ|మ

ℏ 	 ౚౚಡౠ
ቈୖୣቆ୍ౣభ

ቀಈౠቁ	 ஐౠ൘ ቇ቉
= 	 େ

஗ౝౠ
,                     (4.10)       
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where η୥୨ 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 η୥୨ 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 η୥୨ 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,  εୱ(z)  and the probe wave,  ε୮(z)  in the medium as 

                               εୱ(z) = ε୮(o) ஒ౩
ଶ஍

exp ቄቀ஑౦ା஑౩
ସ

ቁzቅ sinh(Φz) ,                    (4.11a)                                   

                    ε୮(z) = ε୮(o) exp ቄቀ஑౦ା஑౩
ସ

ቁzቅ (cosh(Φz) +
(α౦ିα౩)

ସ஍
sinh(Φz)) ,    (4.11b) 

where   

                                      Φ = ටβୱβ୮/4 + (α୮/4− αୱ/4)ଶ  .                                (4.11c) 

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  ε୮(z = 0) = ε୮(0)  and	εୱ(z = 0) = 0. 

The real and imaginary parts of  α୨ (j= s, p) respectively, describe absorption 

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

                                               αୱ = iηୱ ൬	
୍యభ

(Ω౩)

ஐ౩/γీ
൰ ,                                                  (4.12a)  

                                               α୮ = iη୮ ቆ
୍మభ
൫Ω౦൯

ஐ౦/γీ
ቇ .                                                 (4.12b) 

The term β୨ (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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                                                     βୱ = iηୱ ቆ
୍యభ
൫Ω౦൯

ஐ౦/γీ
ቇ ,                                            (4.13a)                                             

                                                    β୮ = iη୮ ൬
୍మభ

(Ω౩)

ஐ౩/γీ
൰.                                              (4.13b)                                           

where  ηୱ = ଼πమ୒|ஜయభ|మ	
λ౩ℏγీ

 and η୮ = ଼πమ୒|ஜమభ|మ	
λ౦ℏγీ

. It should also be noted that since  α୩	 ∝ 

iI୫ଵ
(Ωౡ)	(k = s, p; m = 2, 3), the real and imaginary parts of αୱ	(α୮	) 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  αୱ (α୮	) is zero at exact resonance. Thus it 

can be shown and verified numerically that the coefficients given by Eqs.(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 α୩	 and	β୩ (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: 

                                               Iଶଵ
(ஐ౦) = iΩ୮ 	

ஓయభГరభା|ஐౙ|మ

ஓమభஓయభГరభାஓయభ|ஐౣ|మାஓమభ|ஐౙ|మ
 ,                (4.14a)                                           

                                               Iଷଵ
(ஐ౩) = iΩୱ 	

ஓమభГరభା|ஐౣ|మ

ஓమభஓయభГరభାஓయభ|ஐౣ|మାஓమభ|ஐౙ|మ
 .                (4.14b) 

For the transition considered in Cs atom the decay rates of intermediate levels to 

ground level are equal		γଶଵ = γଷଵ	and	γଷଵ ≫ Гସଵ	. Hence for higher values of pump 

and coupling field amplitudes, 	Ωୡ and 	Ω୫ such that |Ωୡ|ଶ ≫ γଷଵГସଵ and 	|Ω୫|ଶ ≫

γଶଵГସଵ the expressions (4.14) for one-photon coherences reduce to the form, 
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                                                     ୍మభ
(Ω౦)

(Ω౦/γమభ 	)
= i	 |Ωౙ|మ

|Ωౣ|మା|Ωౙ|మ
,           (4.15a)                                                             

                                          ୍యభ
(Ω౩)

(Ω౩/γమభ 	)
= i	 |Ωౣ|మ

|Ωౣ|మା|Ωౙ|మ
 .                                   (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, 

                                                      ୍యభ
(Ω౦)

(Ω౦/γమభ	)
= −i Ωౙ

∗ 	Ωౣ
|Ωౣ|మା|Ωౙ|మ

 ,                                (4.16a)                                                                            

                                                      ୍మభ
(Ω౩)

(Ω౩/γమభ 	)
= −i Ωౣ

∗ 	Ωౙ
|Ωౣ|మା|Ωౙ|మ

 .                                (4.16b)                         

It is interesting to note that for the particular case of equal 	Ωୡ and 	Ω୫, 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, βୱ = ηୱ/2 = −αୱ and β୮ = η୮/2 = −α୮. As the intermediate states are nearly 

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

identical, so that,	ηୱ = η୮. Hence we can use the parameters	β	(= βୱ = β୮) and 

α	(= −αୱ = −α୮ ) in Eq.(4.11c) to obtain  Φ = β/2. Again using the parameters	α	(=

−αୱ = −α୮ ),	β	(= βୱ = β୮) and in Eq.(4.11a) and Eq.(4.11b) which describe 

propagation of the probe and signal fields in the medium reduce to  

                            εୱ(z)/ε୮(o) = exp(− α
ଶ
	z) [exp(	β

ଶ
	z)− exp(− β

ଶ
	z)] /2,         (4.17a)  

                            ε୮(z)/ε୮(o) = exp(− α
ଶ
	z) [exp ቀ	β

ଶ
	zቁ+ exp(− β

ଶ
	z)] /2 .     (4.17b)                  

The exp(− α
ଶ
	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 β cancels the absorption term outside the brackets. Under these 

conditions we observe that 

                                         |εୱ(z)/ε୮(o)|ଶ = |ε୮(z)/ε
୮

(o)|ଶ = 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, 

                                               n୥୮ = 1+ ω୮ 	
ଶπ୒หμమభห

మ

ℏ	γమభ
మ  (	γమభ

మ 	ି	ଶ|Ωౣ|మ	)
ସ|Ωౣ|మ

  ,                    (4.19a)      

                          n୥ୱ =1+ ωୱ
ଶπ୒หμయభห

మ

ℏ	γమభ
మ 	(	γమభ

మ ିଶ|Ωౣ|మ	)
ସ|Ωౣ|మ

 .                       (4.19b)       

For typical values of parameters of 133Cs atomic transition λ୮=852.2×10-7 cm, 

homogeneous linewidths γଶଵ ≅ γଷଵ=2	π ×2.6×106 Hz,  หµଶଵห
ଶ
 ≅ หµଷଵห

ଶ
= 130×10-36 

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

evaluated as 

                                        n୥ୱ ≅ n୥୮ = 1+ 13.55× 10଺ × (ଵ	ି	ଶ|Ωౣ|మ/	γమభ
మ 	)

ସ|Ωౣ|మ/	γమభ
మ  .             (4.20)    

The above result predicts that for 	|Ω୫|ଶ/	γଶଵ
ଶ < 1/2	the group index and thereby the 

group velocity of the probe and signal pulse will be subluminal. Thus choosing 

|Ω୫|/γଶଵ = 	1/2	 we find very large group index, n୥ୱ ≅ n୥୮= 6.8 × 10଺ and the 

corresponding group velocities are found be 

                                           v୥ୱ ≅ v୥୮ = 	 ୡ
୬ౝ౩

 =	 ଷ×ଵ଴ఴ

଺.଼	×ଵ଴ల
= +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., |Ω୫|, |Ωୱ|~	γଶଵ it is possible to observe superluminal 

propagation of the signal and probe fields. Choosing |Ω୫|/γଶଵ = 	1	we find from 
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Eq.(4.20) that  n୥ୱ ≅ n୥ୱ ≈ −3.4 × 10଺ and the corresponding group velocities are 

found be 

                                         v୥ୱ ≅ v୥୮ = 	 େ
୬ౝ౩

 =	 ଷ×ଵ଴ఴ

ିଷ.ସ	×ଵ଴ల
 = −88 m/sec .                    (4.22)                                             

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, λ21= 

852.2 nm and λ42 = 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 (δkvth) that is of the order of 14 MHz 

even for counterpropagating probe-pump (signal-coupler) fields. Note also that in our 

double ladder system k୮ < k୫ (kୱ < kୡ), so that the sign of the residual Doppler width 

δk = kp − km  (kୱ − kୡ) 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,	∆ସଶ= ∆ସଷ= 0, and all other parameters 

are expressed in units of the Doppler width		γୈ/2π = 200	MHz, i.e.,	2γଶଵ/	γୈ =

2γଷଵ	/	γୈ = 	0.026,	Γସଵ/	γୈ = (	γସଶ + 	γସଷ)/	γୈ = 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, Iଶଵ
൫Ω౦൯/(	ஐ౦

ஓీ
) and Iଷଵ

(Ω౩)/(	ஐ౩
ஓీ

)  respectively. In Figure 4.2, row (a) shows the 

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 

−Δ/γୈ. The values of strong pump (coupler) fields used in Figure 4.2 are as follows: 

columns (i) 	Ω୫ = 	Ωୡ = 0.3γୈ, column (ii) 	Ω୫ = 	Ωୡ = 1.0γୈ and column (iii) 

	Ω୫ = 	 	Ωୡ = 1.5γୈ. For values 	Ω୫ = 	Ωୡ = 0.3γୈ 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. 

 

 

 

 

 

 

 

 

 

 

 

 

 

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(‒߂)/ߛ஽. The columns correspond to the fixed 

values of pump and coupler field amplitudes (i) 	ߗ௠ = ௖ߗ	 ௠ߗ		஽, (ii)ߛ0.3 = = ௖ߗ	 =  

௠ߗ	 ஽ and (iii)ߛ1.0 = ௖ߗ	  .஽ߛ1.5 =

From above figure we observe for higher values of 	Ω୫ (= 	Ωୡ ) 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.,	Δ = 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 

coherence, Iଶଵ
൫Ω౦൯/(	ஐ౦

ஓీ
) and Iଷଵ

(Ω౩)/(	ஐ౩
ஓీ

)  for probe and signal respectively.  

 

  

 

 

 

 

 

 

 

Figure 4.3: (i) On-resonance (line center) absorption values for probe and signal fields 

plotted as a function of the coupler amplitude ߗ௖/ߛ஽ for fixed values of the pump 

amplitude ߗ௠/ߛ஽ = 0.3 (solid lines) and 1.0 (dashed lines). Gain factor at line 

center (on-resonance) values of the imaginary part of nonlinear polarization, 

ଷଵܫ
൫ఆ೛൯/(	ఆ೛

ఊವ
	)	 as a function of the coupler amplitude ߗ௖/ߛ஽ for two fixed values of the 

pump amplitude ߗ௠/ߛ஽ = 0.3 (solid line) 1.0 (dotted line). (ii) Variation of the 

relative intensity of the probe (	หߝ௣(ݖ)หଶ/หߝ௣(݋)หଶ) and generated signal (	|ߝ௦(ݖ)|ଶ/

หߝ௣(݋)หଶ) as a function of the dimensionless parameter ߟz where z is the propagation 

distance in the vapor and the value of 	ߙ (and	ߚ), are evaluated on-resonance (∆= 0) 

for ߗ௠/ߛ஽ = ஽ߛ/௖ߗ = 0.3 and 1. Note that the curves for these two values overlap 

because for both ߗ௠/ߛ஽ = ஽ߛ/௖ߗ = 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, Δ = 0) absorption 

profile for probe and signal as a function of the coupler field Rabi frequency Ωୡ/γୈ 

for two fixed values of pump field Rabi frequency, Ω୫/γୈ = 0.3 and 1.0. In this case 

we observe that when Ωୡ= Ω୫ 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 

imaginary part of the nonlinear coherence, Iଷଵ
൫Ω౦൯/(	ஐ౦

ஓీ
) (see (βୱ)) as a function of the 

coupler amplitude Ωୡ/γୈ for two fixed values of pump field Rabi frequency, Ω୫/

γୈ = 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 Ωୡ/γୈ = Ω୫/γୈ = 

0.3 (and 1.0). Since other parameters appearing in the expressions for αୱ , βୱ (and	α୮, 

β୮) are the same, we find that α	(= −α୮ = −αୱ) and  β	(= 	 β୮ = β
ୱ
	) 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 α is compensated for by the effective (nonlinear) gain given by 

β 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 which	α = β and 

Ωୡ/γୈ = 	Ω୫/γୈ = 0.3 and 1.0. The relative signal (probe) intensity given by 

	| ε౩(୸)
ε౦(୭) |ଶ  (| ε౦(୸)

ε౦(୭) |ଶ) is plotted as a function of the density-length product ηz. The 

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

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 ηz 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 α = β is satisfied. We further note that under these 

matched conditions εୱ(z)/ε୮(o) = ε୮(z)/ε୮(o) = 1/2 and thus the signal (probe) 

intensity relative to the incident probe is 25%. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4: (i) Group index (ηg) (ii) Group velocity (νg) for probe (red-solid lines) and signal 

(black-dashed lines) fields as a function of pump (coupling) field amplitudes   

=)஽ߛ/௠ߗ  ஽). The rows corresponds to the Variation of pump (coupling) fieldߛ/௖ߗ

amplitudes from (a) 0.0 to 1.5ߛ஽, (b) 0.0 to 0.6ߛ஽, (c) 0.6ߛ஽ to 1.5ߛ஽ 

Finally in Figure 4.4, we show the numerically computed group index (ηg) and 

group velocity (νg) for probe and signal fields as a function of pump field 
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amplitude		Ω୫/γୈ	(= Ωୡ/γୈ) 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 

(ii) Vg ≈ − 0.001c respectively, for the fixed values of pump (coupling) fields (i) 

Ω୫ = Ωୡ =0.3γୈ and (ii) Ω୫ = Ωୡ = γୈ. For a medium of length, L = 5cm the 

corresponding time delay for the subluminal propagation of the probe and signal 

fields is calculated as   

td =
୐
୴ౝ
− ୐

ୡ
= 	555ns 

whereas the time advance, Δt of the transmitted probe (signal) field relative to a 

reference field propagating in vacuum  is found to be ta = −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	(ߣ௣ = ௣ߣ) ௖), higherߣ > ௣ߣ) ௖)or lesserߣ <  ௖) than that of the probe fieldߣ

frequency. Depending upon the choices of control fields transitions, we consider three 

wave-vector mismatch regimes: (i) perfect wavelength matching regime (ߣ௣ = ௖ଶߣ =

௣ߣ) ௖ଷ)  (ii) partial wavelength mismatching regimeߣ ≠ ௖ଶߣ =  ௖ଷ)  and (iii) completeߣ

wavelength mismatching regime	(ߣ௣ ≠ ௖ଶߣ ≠  ௖ଷ). We observed the typical collectiveߣ

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. 
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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 (Λ), vee (V) and cascade (ladder - Ξ) 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. 

 
 

 

 

 

 

 

Figure 5.1: EIT scheme in five-level K-type atomic system. Here  ߗ௣	 is Rabi frequency of the 

(weak) probe and		ߗ௖ଵ, ߗ௖ଶ	and ߗ௖ଷ respectively are the (strong) coupling field Rabi 

frequencies. The detunings of the probe and coupling fields from their respective 

atomic transitions are		∆ଷଵ= ߱ଷଵ − ߱௣,∆ଷଶ= ߱ଷଶ −߱௖ଵ,∆ସଷ= ߱ସଷ −߱௖ଶ and 

∆ହଷ= ߱ହଷ − ߱௖ଷ  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 k୮ − kୡ , 

of applied probe and coupling field wave-vectors k୮ and kୡ respectively [1 ,10, 11]. In 

three level ladder system it was found that the k୮ < kୡthe 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 k୮ < kୡ) 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 

5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Dଷ/ଶ ቊ
5Sଵ/ଶ(F = 1) 	→ 5Pଷ/ଶ → 5Dହ/ଶ(7Sଵ/ଶ)
5Sଵ/ଶ(F = 1) 	→ 5Pଷ/ଶ → 5Sଵ/ଶ(F = 2)ቋ 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 

fields	Eሬሬ⃑ ୮ , Eሬሬ⃑ ୡଵ and 	Eሬሬ⃑ ୡଶ(Eሬሬ⃑ ୡଷ) 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 2γସଷ(2γହଷ)  and that from level |3〉 to ground level |2〉(|1〉),  

is 2γଷଶ(2γଷଵ). The four laser fields are given by Eሬሬ⃑ ୮ = 	εሬሬ⃑ ୮ expൣi൫kሬ⃑ ୮. r⃑ − ω୮t൯൧ + c. c., 

Eሬሬ⃑ ୡଵ = 	 ε⃑ୡଵ expൣi൫kሬ⃑ ୡଵ. r⃑ − ωୡଵt൯൧ + c. c and Eሬሬ⃑ ୡଶ൫Eሬሬ⃑ ୡଷ൯ = ε⃑ୡଶ expൣi൫kሬ⃑ ୡଶ. r⃑ − ωୡଶt൯൧ +

c. c, (ε⃑ୡଷ expൣi൫kሬ⃑ ୡଷ. r⃑ −ωୡଷt൯൧ + c. c. , ). The weak probe laser field Eሬሬ⃑ ୮ of 

frequency	ω୮, wave vector kሬ⃑ ୮ and Rabi frequency Ω୮ = (μሬ⃑ ଷଵ. ε⃑୮)/	ℏ is applied to the 

|1〉 → |3〉 transition. The transition |2〉 → |3〉 is being driven by coupling laser field 

Eሬሬ⃑ ୡଵ of frequency		ωୡଵ, wave vector kሬ⃑ ୡଵ with Rabi frequency Ωୡଵ = ( μሬ⃑ ଷଶ. ε⃑ୡଵ)/	ℏ and 

transitions |3〉 → |4〉(|3〉 → |5〉)	are driven by Eሬሬ⃑ ୡଶ(	Eሬሬ⃑ ୡଷ) of frequency ωୡଶ (	ωୡଷ), 
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wave vector kሬ⃑ ୡଶ (	kሬ⃑ ୡଷ) and Rabi frequency Ωୡଶ(Ωୡଷ) = (μሬ⃑ ଷସ. ε⃑ୡଶ)/	ℏ((μሬ⃑ ଷହ. ε⃑ୡଷ)/	ℏ). 

Here 	μሬ⃑ ଷଵ,	μሬ⃑ ଷଶand μሬ⃑ ଷସ(μሬ⃑ ଷହ) 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 

V୧୬୲ = −ℏ[Ω୮e୧൫୩ሬሬ⃗ ౦.୰ሬ⃗ ା∆యభ୲൯│3〉〈1│+ Ωୡଵe୧൫୩ሬሬ⃗ ౙభ.୰ሬ⃗ ା∆యమ୲൯│3〉〈2│ 

  +	Ωୡଶe୧൫୩ሬሬ⃗ ౙమ.୰ሬ⃗ ା∆రయ୲൯│4〉〈3│+ Ωୡଷe୧൫୩ሬሬ⃗ ౙయ.୰ሬ⃗ ା∆ఱయ୲൯│5〉〈3│+ H. c. ],    (5.1) 

where ∆ଷଵ= ωଷଵ − ω୮,	∆ଷଶ= 	ωଷଶ − ωୡଵ, ∆ସଷ(∆ହଷ) = 	ωସଷ − ωୡଶ(	ωହଷ − ωୡଷ) denote 

the detuning of probe and coupling fields frequencies from the atomic resonance 

frequencies ωଷଵ,	ωଷଶ , ωସଷ(	ωହଷ) respectively, and │i	〉〈	j│, (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 ρ෤ ୨୩ can now be written using Eqs.(5.1) and (1.18b) in 

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

terms,  

                ρ෤ଷଵ=ρଷଵeି୧(୩౦.୰ାΔయభ୲),                                                      (5.2a)                                                                      

                ρ෤ଷଶ=ρଷଶeି୧(୩ౙభ.୰ାΔయమ୲),                                                    (5.2b)                                                                  

                                        ρ෤ସଷ=ρସଷeି୧(୩ౙమ.୰ାΔరయ୲),                                                     (5.2c)                                                                

                                        ρ෤ହଷ=ρହଷeି୧(୩ౙయ.୰ାΔఱయ୲),                                                    (5.2d)                                                                 

                                        ρ෤ଶଵ=ρଶଵeି୧{(୩౦ି୩ౙభ).୰ା(ΔయభିΔయమ)୲},                                    (5.2e)                                                 

                                        ρ෤ସଵ=ρସଵeି୧{(୩౦ା୩ౙమ).୰ା(ΔయభାΔరయ)୲},                                    (5.2f)                                                

                                        ρ෤ସଶ=ρସଶeି୧{(୩ౙభା୩ౙమ).୰ା(ΔయమାΔరయ)୲},                                   (5.2g) 

                                        ρ෤ହଵ=ρହଵeି୧{(୩౦ା୩ౙయ).୰ା(ΔయభାΔఱయ)୲},                                    (5.2h) 

                                        ρ෤ହଶ=ρହଶeି୧{(୩ౙభା୩ౙయ).୰ା(ΔయమାΔఱయ)୲}.                                    (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 ρ(ݒ) for 

atoms with velocity ݒ are obtained as 

ρ෤̇ଶଵ=−[i(∆ଷଵ − ∆ଷଶ + (kሬ⃗ ୮ − kሬ⃗ ୡଵ). vሬ⃗ )+2γଶଵ]ρ෤ଶଵ-iΩ୮ρ෤ଶଷ+	iΩୡଵ∗ ρ෤ଷଵ,                         (5.3a)                                          

ρ෤̇ଷଵ=−[i(∆ଷଵ + kሬ⃗ ୮. vሬ⃗ )+(γଷଵ + γଷଶ)]ρ෤ଷଵ+iΩ୮(ρଵଵ-ρଷଷ) 

                                                                 +iΩୡଵρ෤ଶଵ+	iΩୡଶ∗ ρ෤ସଵ+	iΩୡଷ∗ ρ෤ହଵ,                (5.3b)                                           

ρ෤̇ସଵ=−[i(∆ଷଵ + ∆ସଷ + (kሬ⃗ ୮ + kሬ⃗ ୡଶ). vሬ⃗ )+γସଷ]	ρ෤ସଵ-iΩ୮ρ෤ସଷ+iΩୡଶρ෤ଷଵ+iΩୡଷρ෤ହଵ,         (5.3c)                              

ρ෤̇ହଵ=−[i(∆ଷଵ + ∆ହଷ + (kሬ⃗ ୮ + kሬ⃗ ୡଷ). vሬ⃗ )+γହଷ]	ρ෤ହଵ-iΩ୮ρ෤ହଷ+iΩୡଷρ෤ଷଵ,                           (5.3d)                                     

ρ෤̇ଷଶ=−[i(∆ଷଶ + kሬ⃗ ୡଵ. vሬ⃗ )+(γଷଵ + γଷଶ)]ρ෤ଷଶ+iΩ୮ρ෤ଵଶ 

                                                                 +iΩୡଵ(ρଶଶ-ρଷଷ)+iΩୡଶ∗ ρ෤ସଶ+	iΩୡଷ∗ ρ෤ହଶ,       (5.3e)                              

ρ෤̇ସଶ=−[i(∆ଷଶ + ∆ସଷ + (kሬ⃗ ୡଵ + kሬ⃗ ୡଶ). vሬ⃗ )+2γଶଵ+γସଷ]ρ෤ସଶ-iΩୡଵρ෤ସଷ+iΩୡଶρ෤ଷଶ,                (5.3f)                                  

ρ෤̇ହଶ=−[i(∆ଷଶ + ∆ହଷ + (kሬ⃗ ୡଵ + kሬ⃗ ୡଷ). vሬ⃗ )+γହଷ]ρ෤ହଶ-iΩୡଵρ෤ହଷ+iΩୡଷρ෤ଷଶ,                         (5.3g)                                                               

ρ෤̇ସଷ=−[i(∆ସଷ + kሬ⃗ ୡଶ. vሬ⃗ )+(γସଷ + γଷଶ + γଷଵ)]ρ෤ସଷ-	iΩ୮∗ρ෤ସଵ-	iΩୡଵ∗ ρ෤ସଶ 
                                                                             +iΩୡଶ(ρଷଷ-ρସସ)-	iΩୡଷρ෤ସହ,           (5.3h)   
ρ෤̇ହଷ=−[i(∆ହଷ + kሬ⃗ ୡଷ. vሬ⃗ )+(γହଷ + γଷଶ + γଷଵ)]ρ෤ହଷ-	iΩ୮∗ρ෤ହଵ 

                                                         -	iΩୡଵ∗ ρ෤ହଶ+iΩୡଷ(ρଷଷ-ρହହ)-	iΩୡଶρ෤ହସ,                 (5.3i) 

ρ̇ଵଵ= 2γଶଵρଶଶ+2γଷଵρଷଷ+	iΩ୮∗ρ෤ଷଵ-	iΩ୮ρ෤ଵଷ,                                                               (5.3j)                                                                                                                             

ρ̇ଶଶ=	2γଷଶρଷଷ − 2γଶଵρଶଶ+	iΩୡଵ∗ ρ෤ଷଶ-	iΩୡଵρ෤ଶଷ,                                                         (5.3k)                                                       

ρ̇ଷଷ=	2γସଷρସସ+2γହଷρହହ-2γଷଶρଷଷ-γଷଵρଷଷ+	iΩ୮ρ෤ଵଷ+	iΩୡଵρ෤ଶଷ+	iΩୡଶ∗ ρ෤ସଷ 

                                              -iΩ୮∗ρ෤ଷଵ-	iΩୡଵ∗ ρ෤ଷଶ-	iΩୡଶρ෤ଷସ-	iΩୡଷρ෤ଷହ + 	iΩୡଷ∗ ρ෤ହଷ,       (5.3l)                                                                                            

ρ̇ସସ=−2γହସρହହ − 2γସଷρସସ-	iΩୡଶ∗ ρ෤ସଷ+	iΩୡଶρ෤ଷସ,                                                     (5.3m)                                      

ρ̇ହହ=−2γହଷρହହ−2γସହρହହ-	iΩୡଷ∗ ρ෤ହଷ+	iΩୡଷρ෤ଷହ.                                                        (5.3n)                                                        

Our aim is to determine the velocity averaged first-order one-photon 

coherence Iଷଵ = ∫ ρ෤ଷଵ (v)dvଷ; 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  Ω୮ = 0) is 

                                                       ρଵଵ
଴ = M(v),                                                       (5.4)                                                 

and all other zeroth-order matrix elements vanish. 

where 

                                             M(v) = ଵ
୴ഥ
ට୪୬ଶ

π
exp(−ln2 ୴మ

୴ഥమ
)	             (5.5)                                                                                                                        

is the Maxwellian velocity distribution of atoms with vത = √ln2 v୲୦ and v୲୦ = ටଶ୩ా୘
୫౗

  

is the most probable thermal velocity at a temperature T of an atom of mass mୟ.The 

relevant first-order (i.e., to leading order in probe amplitude) density-matrix equations 

are found as 

ρ෤̇ଶଵ
(ଵ) =−[i(∆ଷଵ − ∆ଷଶ + (kሬ⃗ ୮ − kሬ⃗ ୡଵ). vሬ⃗ )+2γଶଵ]ρ෤ଶଵ

(ଵ)+	iΩୡଵ
∗ ρ෤ଷଵ

(ଵ),                                  (5.6a)                                                                                                                           

ρ෤̇ଷଵ
(ଵ)

= −[i(∆ଷଵ + kሬ⃗ ୮. vሬ⃗ )+(γଷଵ+γଷଶ)]ρ෤ଷଵ
(ଵ)+iΩ୮M(v)+iΩୡଵρ෤ଶଵ

(ଵ) 

                                                                 +	iΩୡଶ
∗ ρ෤ସଵ

(ଵ)++	iΩୡଷ
∗ ρ෤ହଵ

(ଵ),                           (5.6b)                

ρ෤̇ସଵ
(ଵ)

= −[i(∆ଷଵ + ∆ସଷ + (kሬ⃗ ୮ + kሬ⃗ ୡଶ). vሬ⃗ )+γସଷ]ρ෤ସଵ
(ଵ)+	iΩୡଶρ෤ଷଵ

(ଵ),                                     (5.6c)                                                                                         

ρ෤̇ହଵ
(ଵ)

= −[i(∆ଷଵ + ∆ହଷ + (kሬ⃗ ୮ + kሬ⃗ ୡଷ). vሬ⃗ )+γହଷ]ρ෤ହଵ
(ଵ)+	iΩୡଷρ෤ଷଵ

(ଵ),                                     (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, 

Iଷ1
(1) = ∫ ρ෤ଷ1

(1)( v)	dv3 = i	Ωp 

× ∫ dv3 M(v) ୅మభ(୴)୅రభ(୴)୅ఱభ(୴)
୅మభ(୴)୅యభ(୴)୅రభ(୴)୅ఱభ(୴)ା୅రభ(୴)୅ఱభ(୴)|Ωౙభ|మା୅మభ(୴)୅ఱభ(୴)|Ωౙమ|మାା୅మభ(୴)୅రభ(୴)|Ωౙయ|మ  

                                                                                                                                  (5.7)     

where 

                                      Aଶଵ(v) = i൛∆ଷଵ − ∆ଷଶ + (kሬ⃗ ୮ − kሬ⃗ ୡଵ). vሬ⃗ ൟ+2γଶଵ,                 (5.8a)                                            

                                      Aଷଵ(v) = 	i(∆ଷଵ + kሬ⃗ ୮. vሬ⃗ )+(γଷଵ+γଷଶ),                                (5.8b)                           
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                                          Aସଵ(v) = i൛∆ଷଵ + ∆ସଷ + (kሬ⃗ ୮ + kሬ⃗ ୡଶ). vሬ⃗ ൟ+γସଷ,               (5.8c)                                           

                                          Aହଵ(v) = i൛∆ଷଵ + ∆ହଷ + (kሬ⃗ ୮ + kሬ⃗ ୡଷ). vሬ⃗ ൟ+γହଷ.               (5.8d)                                         

In the above equations 2γ୧୨ are the spontaneous emission rates from level |i〉 → |j〉 (i, j 

= 1- 5). In experimental situations typically one considers an arrangement of probe Eሬሬ⃑ ୮ 

and coupler fields Eሬሬ⃑ ୡଵ (Eሬሬ⃑ ୡଶ	and	Eሬሬ⃑ ୡଷ) co (counter)-propagating along z axis. For this 

experimental configuration we can henceforth set the terms ൫kሬ⃗ ୮ − kሬ⃗ ୡଵ൯. vሬ⃗ =

൫k୮ − kୡଵ൯v୸,	൫kሬ⃗ ୮ + kሬ⃗ ୡ୨൯. vሬ⃗ = ൫k୮ − kୡ୨൯v୸, (where j = 2,3) and kሬ⃗ p. vሬ⃗ = k୮v୸ in 

Eq.(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: 

                                                      χ = 	N หμయభห
మ

ℏγీ
൬ ୍యభ

(భ)

Ω౦/γీ
൰, (5.9)                                                                                               

where N is the atomic density of the vapor and 	γୈ(= k୮vത) is the Doppler width in the 

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

respectively of the susceptibility χ give the absorption and dispersion of the probe 

field. The probe absorption coefficient is given by  

                                                         α୮ = − ଼πమ	
λ౦

Imag(	χ).                                             (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: 

                  ୍యభ
(భ)

Ω౦
= ୧		

൫γయభାγయమ൯ା	୧∆యభ	ା	
|Ωౙభ|మ

మγమభశ౟(∆యభష∆యమ)	ା	
|Ωౙమ|మ

γరయశ౟(∆యభశ∆రయ)ା	
|Ωౙయ|మ

γఱయశ౟(∆యభశ∆ఱయ)		
         (5.10)                                   



Chapter 5. Five level K-type system  
 

87 
 

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 

∆ଷଵ= ∆32 corresponds to |1〉 → |3〉 → |2〉 transitions of Λ-type atom, whereas the 

other occurring at ∆ଷଵ= −∆ସଷ(−∆ହଷ) corresponds to |1〉 → |3〉 → |4〉	(|1〉 → |3〉 

→ |5〉) transitions of the two distinct ladder systems. Thus the five level K-system 

derives contributions from three-level lamda (Λ) 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, ∆	(= ∆ଷଶ=

	−∆ସଷ(−∆ହଷ)). In this case a single two photon resonance that occurs at  ∆ଷଵ= ∆  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:                             

                                     (γଷଵ + γଷଶ)≪  |Ωc1|2

ଶγ21
 + |Ωc2|2

 γ43 
+ |Ωc3|2

 γ53 
 ,                                 (5.11) 

the probe absorption is considerably reduced at the position of the two photon 

resonance ∆ଷଵ= ∆. Furthermore, in the exact resonance case, that is, when the 

coupling fields are tuned to exact resonance	∆32= ∆ସଷ(∆ହଷ) = 0, the EIT resonance is 

centered around the probe detuning	∆ଷଵ= 0. Implementation of the criterion specified 

in Eq.(5.11) would require choosing either very large |Ωcଵ|2, |Ωcଶ|2(|Ωcଷ|2) or very 

small γଶଵ and	γସଷ(γହଷ). 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 2γଶଵ and γସଷ(γହଷ) 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.,  ∆ଷଶ≠	∆, 

∆ସଷ= ∆ହଷ= −∆ , the K-system reduces to four-level inverted Y-type system 

composed of three-level lamda system driven by Rabi frequency Ωcଵ and a typical 

three-level ladder system driven by the effective Rabi frequency  

Ωୡ = ඥ|Ωୡଶ|ଶ + |Ωୡଷ|ଶ 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 Λ) subsystem will render the other ( Ξ ) subsystem non-

resonant with a large detuning. 

When detuning of all the three coupling fields are different, 	∆ଷଶ≠ ∆ସଷ≠

∆ହଷ	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 Eqs.(5.7) and Eq.(5.8) for co and counter-propagating (along z axis) 

coupling and probe fields configuration as 

୍యభ
(భ)

Ω౦
= ∫ ρ෤ଷ1

(1)( v୸)	dv୸ = 	 ∫ dv୸M(v୸)    

×
୧		

൫γయభାγయమ൯ା	୧൫∆యభା୩౦୴౰൯	ା	
|Ωౙభ|మ

మγమభశ౟(∆యభష∆యమ)శ౟൫ౡ౦షౡౙభ൯౬౰
	ା	 |Ωౙమ|మ

γరయశ౟(∆యభశ∆రయ)శ౟(ౡ౦షౡౙమ)౬౰
ା	 |Ωౙయ|మ

γఱయశ౟(∆యభశ∆ఱయ)శ౟(ౡ౦షౡౙయ)౬౰
		
   

                                                                                                                                (5.12) 

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

Eq.(5.10), we can draw the following inferences: 

(A).Various wave-vector mismatch regimes:      

(i). Perfect wave-vector matching: 

For the case of perfect wave-vector matching the two photon resonances are Doppler 

free, i.e.,൫k୮ − kୡଵ൯v୸ = ൫k୮ − kୡଶ൯v୸ = ൫k୮ − kୡଷ൯v୸ = 0. Under this case the 

Eq.(5.12) reduced to 
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୍యభ
(భ)

Ω౦
= ∫ ρ෤ଷ1

(1)( v୸)	dv୸ = ∫dv୸M(v୸)              

                     × 	 ୧		

൫γయభାγయమ൯ା	୧൫∆యభା୩౦୴౰൯	ା	
|Ωౙభ|మ

మγమభశ౟(∆యభష∆యమ)	ା	
|Ωౙమ|మ

γరయశ౟(∆యభశ∆రయ)ା	
|Ωౙయ|మ

γఱయశ౟(∆యభశ∆ఱయ)		
    (5.13)            

The criterion for observing of probe transparency at the location of two photon 

resonance(∆= ∆ଷଶ= −∆ସଷ(−∆ହଷ)) is still given by Eq.(5.11) but with radiative width 

(γଷଵ + γଷଶ) replaced by the Doppler width  γୈ, i. e., 

                                          γD≪ หΩc1ห
2

2γ21
 + หΩc2ห

2

 γ43 + หΩc3ห
2

 γ53  ,                                      (5.14)                                       

(ii). 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 ∆ୡ	(= ∆ସଷ≅ ∆ହଷ) , kୡ	(= kୡଶ ≅ kୡଷ) and γୡ	(= γସଷ ≅

γହଷ). We can also neglect the small two-photon residual Doppler width of the lamda 

subsystem ൫k୮ − kୡଵ൯v୸ 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 

୍యభ
(భ)

Ω౦
= ∫ ρ෤ଷ1

(1)( v୸)	dv୸ = ∫dv୸M(v୸)             

                        × 	 ୧		

൫γయభାγయమ൯ା	୧൫∆యభା୩౦୴౰൯	ା	
|Ωౙభ|మ

మγమభశ౟(∆యభష∆యమ)	ା	
|Ωౙమ|మశ|Ωౙయ|మ

γౙశ౟(∆యభశ∆ౙ)శ౟(ౡ౦షౡౙ)౬౰
		
             (5.15)          

            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 Ωୡଵ and a typical ladder subsystem 

interacting with effective Rabi frequency Ωୡ = ඥ|Ωୡଶ|ଶ + |Ωୡଷ|ଶ. 

 (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.,൫k୮ −

kୡଶ)v୸ ≠ ൫k୮ − kୡଷ൯v୸ ≠ 0. In this 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: 

(i) When detuning of the coupling fields are same (exact resonance case), that 

is, when the coupling fields are tuned to exact resonance		∆ଷଶ= ∆ସଷ=

∆ହଷ= 0, the EIT resonance is centered around the probe detuning	∆ଷଵ= 0. 

(a) In perfect wave-vector matching case a single transparency window 

which accrue around the exact probe resonance (∆ଷଵ= 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.   

 

(ii) When detuning of the coupling fields are different, ∆ଷଶ≠ ∆ସଷ≠ ∆ହଷthe 

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 Λ- 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 5S1/2(F=1) →5P3/2 →5S1/2 (F=2) forms three 
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level lamda system and 5S1/2(F=1) →5P3/2 →5D3/2  (5S1/2(F=1) →5P3/2 →5D5/2 /7S1/2) 

forms three level ladder systems in five-level K-type configuration in Rubidium atom. 

The level separation wavelength of the lower levels 5S1/2 (F=1) (5S1/2 (F=2)) and 

intermediate level 5P3/2 is λ p = 780.0268nm (λ c1 ≃ 780.0268nm) (D2 transition) and 

those of the intermediate and upper transitions 5D3/2 (5D5/2) are λc2 (λc3) = 

775.9436nm (775.7650nm), in case of upper transition 7S1/2 the level separation 

wavelength is λc3 = 740.817 nm. The wavelength mismatch between the counter-

propagating coupling (	Eሬሬ⃑ ୡଶ	and	Eሬሬ⃑ ୡଷ	) and probe ( Eሬሬ⃑ ୮	) fields when the upper 

transitions are 5D3/2(5D5/2) in five level K-type EIT system introduces a residual 

Doppler width ൫k୮ − kୡ୨൯vത		/k୮vത 	≃ −0.005 (where j = 2, 3), in case of upper 

transition 7S1/2 the residual Doppler width	൫k୮ − kୡଷ൯vത		/k୮vത 	≃ −0.05. For 

comparison purpose the other case of matched (k୮ − kୡ୨) 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 γୈ/2π = 250MHz , i.e., 

2γଶଵ/	γୈ = 0.000004,	2γଷଵ/	γୈ = 	2γଷଶ/	γୈ = 0.012, 2γସଷ/	γୈ = 0.0003 and the 

spontaneous decay rate		2γହଷ/	γୈ = 0.00171(0.00286) in case of 5D5/2 (7S1/2). 

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. 

(i)  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 Ωୡଶ( 

Ωୡଷ) while the ground level |1〉 is coherently connected to the intermediate level |3〉 

by a weak probe field with the Rabi frequency	Ω୮. 
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In Figure 5.2 Probe absorption ቂIm	(Iଷଵ
(ଵ)γୈ Ω୮ൗ )ቃ 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 (∆ସଷ= ∆ହଷ= 0) and the Rabi 

frequencies are chosen equal (Ωୡଶ = Ωୡଷ). 

 

 

 

 

Figure 5.2: Probe absorption as a function of the probe field detuning ( ߱௣ − ߱ଷଵ)/ߛ஽  

with coupling field Rabi frequencies		ߗ௖ଵ = ௖ଶߗ ,0.0	 = ௖ଷߗ = 	 	ߨ2) ×  (ݖܪܯ	8	

for various wave-vector mismatch case which occur in dual cascade (i) 	݇௣ =

݇௖ଶ 	= ݇௖ଷ (ii) ݇௣ − ݇௖ଶ = ݇௣ − ݇௖ଷ = −0.005	݇௣ (iii)		݇௣ − ݇௖ଶ = −0.005	݇௣, 

	݇௣ − ݇௖ଷ = −0.05	݇௣ . The coupling fields are at exact resonance, ∆ଷଶ= ∆ସଷ=

∆ହଷ= 0. 

From above figure we observe the No complete transparency occurs in (i) 

perfect wave-vector matching	൫k୮ = kୡଶ = kୡଷ൯ case where the level separation 

wavelengths are assumed equal for probe and both the coupling fields. For (ii) partial 

wave-vector mismatch	൫k୮ ≠ kୡଶ = kୡଷ൯, 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  Ωୡ = ඥ|Ωୡଶ|ଶ + |Ωୡଷ|ଶ, the former 

is Doppler-free and the latter residual Doppler broadened typical three level cascade 

medium. (iii) In complete wave-vector mismatching	൫k୮ ≠ kୡଶ ≠ kୡଷ൯, 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.  

 

 

 

 

 

Figure 5.3: Probe absorption as a function of the probe field detuning ( ߱௣ − ߱ଷଵ)/ߛ஽  with 

coupling field Rabi frequencies		ߗ௖ଵ = ௖ଶߗ ,0.0	 = ௖ଷߗ = 	 	ߨ2) ×  for  (ݖܪܯ	8	

various wave-vector mismatch case which occur in dual cascade, (i) 	݇௣ = ݇௖ଶ 	=

݇௖ଷ (ii) ݇௣ − ݇௖ଶ = ݇௣ − ݇௖ଷ = −0.005	݇௣, (iii) ݇௣ − ݇௖ଶ = −0.005݇௣, ݇௣ − ݇௖ଷ =

−0.05݇௣. The coupling fields detuning chosen are (∆ସଷ= −∆ହଷ= 	ߨ2) ×   .((ݖܪܯ4	

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 

ቂIm	(Iଷଵ
(ଵ)γୈ Ω୮ൗ )ቃ variation as the probe frequency is tuned through the coupling field 

detuning for various wave-vector mismatch cases, (i)	k୮ = kୡଶ = kୡଷ (ii) k୮ − kୡଶ =

k୮ − kୡଷ = −0.005k୮ (iii) k୮ − kୡଶ = −0.005k୮, k୮ − kୡଷ = −0.05k୮. 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				∆ଷଵ + ∆ସଷ	corresponds to the 

5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Dଷ/ଶ transition, whereas the other occurring at  ∆ଷଵ + ∆ହଷ 

corresponds to the 5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Dହ/ଶ/7Sଵ/ଶ transitions. Since these two 

cascade 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 
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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.  

(ii)  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 Λ- 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 Ωୡଵ (Ωୡଶ/Ωୡଷ) 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	Ω୮. 

 

 

 

 

 

 

 

 

Figure 5.4: Probe absorption as a function of the probe field detuning ( ߱௣ − ߱ଷଵ)/ߛ஽  with 

coupling field Rabi frequencies (a). ߗ௖ଵ = 	 	ߨ2) × ௖ଶߗ ,(ݖܪܯ	4	 = 	 	ߨ2) ×  ,(ݖܪܯ	8	

௖ଷߗ	 = 	0.0	 (b). ߗ௖ଵ = 	 	ߨ2) × ௖ଶߗ	,(ݖܪܯ	4	 = ௖ଷߗ ,0.0	 = 	 	ߨ2) ×  for ,(ݖܪܯ	8	

various wave-vector mismatch cases which occur in cascade subsystem of inverted Y-

system, (i) ݇௣ = ݇௖ଶ (݇௣ = ݇௖ଷ), (ii) ݇௣ − ݇௖ଶ = −0.005݇௣ (݇௣ − ݇௖ଷ = −0.05݇௣). 

The coupling fields are on resonance (∆ଷଶ= ∆ସଷ(∆ହଷ) = 0). 
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In Figure 5.4 probe absorption ൣIm	(I31
(1)γD Ωpൗ )൧ 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 5Dଷ/ଶ/5Dହ/ଶ		and		7Sଵ/ଶ form two ladder subsystems 

with the ground state 5Sଵ/ଶ(F=1) through the intermediate level 5Pଷ/ଶ. For ladder 

subsystem with excited state 5Dଷ/ଶ/5Dହ/ଶ the wave-vector mismatch between probe 

and coupling field is, k୮ − kୡଶ = −0.005k୮, whereas for the other ladder subsystem 

with excited state 7Sଵ/ଶ, the wave-vector mismatch is, k୮ − kୡଷ = −0.05k୮. The 

absorption profiles are shown for excited state		5Dଷ/ଶ/5Dହ/ଶ in  

Figure 5.4(a) and for excited state 7Sଵ/ଶ in Figure 5.4(b). The coupling fields are on 

resonance (∆ଷଶ= ∆ସଷ= ∆ହଷ=0) and the Rabi frequencies are chosen 

as		Ωୡଵ (= Ωୡଶ/2 = Ωୡଷ 2⁄  ) in Figures 5.4a and 5.5b. A complete and single 

transparency window (i) in perfect wave-vector matching 	k୮ = kୡଶ = kୡଷ , in this 

case we assume the level separation wavelengths for probe and coupling fields are 

equal. (ii) In wave-vector mismatching	൫k୮ ≠ kୡଶ(kୡଷ)൯, 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 

5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Sଵ/ଶ(F = 2) transitions which occurs around probe resonance 

within the wide transparency window of the three level ladder system formed by the 

transitions 5Sଵ/ଶ(F=1) →5Pଷ/ଶ→5Dଷ/ଶ/5Dହ/ଶ(7Sଵ/ଶ). 

Figure 5.5 shows the probe absorptionቂIm	(Iଷଵ
(ଵ)γୈ Ω୮ൗ )ቃvariation as the probe 

frequency is tuned through the coupling field detuning for various wave-vector 

mismatch cases (i) k୮ = kୡଶ (k୮ = kୡଷ), (ii) k୮ − kୡଶ = −0.005k୮ (k୮ − kୡଷ =

−0.05k୮) occurred in inverted Y-type system. The transitions levels considered same 

as in Figure 5.4, the absorption profiles shown for excited state 5Dଷ/ଶ/5Dହ/ଶ in 

Figure 5.5(a) and for excited state 7Sଵ/ଶ in Figure 5.5(b). Consider the coupling fields 

detuning are,	∆ଷଶ= ∆ସଷ(∆ହଷ) = 2π	 × 3MHz(2π	 × 	15MHz) and the Rabi 

frequencies are chosen as 	Ωୡଵ (= Ωୡଶ/2 = Ωୡଷ 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. 

 

 

 

 

 

 

 

 

 

Figure 5.5: Probe absorption as a function of the probe field detuning ( ߱௣ − ߱ଷଵ)/ߛ஽  with 

coupling field Rabi frequencies (a). ߗ௖ଵ = 	ߨ2) × ௖ଶߗ ,(ݖܪܯ	4	 = 	 	ߨ2) ×  ,(ݖܪܯ	8	

௖ଷߗ	 = 	0.0	 (b).		ߗ௖ଵ = 	ߨ2) × ௖ଶߗ		,(ݖܪܯ	4	 = ௖ଷߗ		,0.0	 = 	ߨ2) ×  for ,(ݖܪܯ	8	

various wave-vector mismatch cases which occur in cascade subsystem of inverted Y-

system, (i) ݇௣ = ݇௖ଶ (݇௣ = ݇௖ଷ), (ii) ݇௣ − ݇௖ଶ = −0.005݇௣ (݇௣ − ݇௖ଷ = −0.05݇௣). 

The coupling fields detuning chosen are (∆ଷଶ= ∆ସଷ(∆ହଷ	) = 	ߨ2	 × 	ߨ2)ݖܪܯ3 ×

 .(ݖܪܯ15

In above figure the transparency window occurring at the two-photon 

resonance		∆ଷଵ − ∆ଷଶ corresponds to the 5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Sଵ/ଶ(F = 2) 

transition, whereas the other occurring at ∆ଷଵ + ∆ସଷ(∆ହଷ) corresponds to the 

5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Dଷ/ଶ/5Dହ/ଶ(7Sଵ/ଶ) 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 

Ωୡଶ(Ωୡଷ) and also coupled to the hyperfine splitting of a ground state |2〉 by a strong 

coupling field with the Rabi frequency	Ωୡଵ, 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	Ω୮. 

 

 

 

 

 

Figure 5.6: Probe absorption as a function of the probe field detuning ( ߱௣ −߱ଷଵ)/ߛ஽  

with coupling field Rabi frequencies ߗ௖ଵ = 	ߨ2) × ௖ଶߗ ,(ݖܪܯ	4	 = ௖ଷߗ = 	 	ߨ2) ×

 for various wave-vector mismatch case which occur in dual cascade of  (ݖܪܯ	8	

K-type system, (i)		݇௣ = ݇௖ଶ = ݇௖ଷ		(ii)		݇௣ − ݇௖ଶ = ݇௣ − ݇௖ଷ = −0.005݇௣ (iii) 

݇௣ − ݇௖ଶ = −0.005݇௣,	݇௣ − ݇௖ଷ = −0.05݇௣.The coupling fields are on 

resonance (∆ଷଶ= ∆ସଷ= ∆ହଷ= 0). 

In Figure 5.6 Probe absorption ቂIm	(Iଷଵ
(ଵ)γୈ Ω୮ൗ )ቃ 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 (∆ଷଶ= 	 ∆ସଷ= ∆ହଷ= 0) and the Rabi 

frequencies are chosen as	Ωୡଵ = Ωୡଶ 2⁄ = Ωୡଷ 2⁄ . A complete and single transparency 

window is observed (i) in perfect wave-vector matching	൫k୮ = kୡଶ = kୡଷ൯ 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	൫k୮ ≠ kୡଶ = kୡଷ൯, 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  

Ωୡ = ඥ|Ωୡଶ|ଶ + |Ωୡଷ|ଶ between upper transitions and intermediate level, |Ωୡଵ| 

coupling field interacting between intermediate level (|3〉) and hyperfine splitting of 

ground state	(|2〉). (iii) In complete wave-vector mismatching	൫k୮ ≠ kୡଶ ≠ kୡଷ൯, 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. 

 

 

 

 

 

 

Figure 5.7: Probe absorption as a function of the probe field detuning ( ߱௣ − ߱ଷଵ)/ߛ஽  

with coupling field Rabi frequencies		ߗ௖ଵ = 	 	ߨ2) × ௖ଶߗ ,(ݖܪܯ	4	 = ௖ଷߗ = 	 	ߨ2) ×

-for various wave-vector mismatch case which occur in dual cascade of K (ݖܪܯ	8	

type system, (i)	݇௣ = ݇௖ଶ = ݇௖ଷ (ii) ݇௣ − ݇௖ଶ = ݇௣ − ݇௖ଷ = −0.005݇௣ (iii) 

݇௣ − ݇௖ଶ = −0.005݇௣,	݇௣ − ݇௖ଷ = −0.05݇௣. The coupling fields detuning chosen 

are (∆ଷଶ= 0.0,∆ସଷ= −∆ହଷ= 	ߨ2) ×  .(ݖܪܯ30

We now consider the finite detuning case when the coupling fields Ωୡଶ, Ωୡଷ 

are detuned on either side of the intermediate level (|3〉), Figure 5.7 shows the probe 

absorptionቂIm	(Iଷଵ
(ଵ)γୈ Ω୮ൗ )ቃvariation as the probe frequency is tuned through the 

coupling field detuning for various wave-vector mismatch cases, (i)	kp = kc2 = kc3 (ii) 

k୮ − kୡଶ = k୮ − kୡଷ = −0.005k୮ (iii) k୮ − kୡଶ = −0.005k୮,	k୮ − kୡଷ = −0.05k୮. 

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		∆ଷଵ − ∆ଷଶ corresponds to the 

5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Sଵ/ଶ(F = 2) transition and the other transparency windows 

corresponding to cascade subsystems occurring at the two-photon resonance		∆ଷଵ +

∆ସଷ(∆ଷଵ + ∆ହଷ) corresponds to the 5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Dଷ/ଶ 

(5Sଵ/ଶ(F=1)→5Pଷ/ଶ→5Dହ/ଶ/7Sଵ/ଶ) 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 (λ୮ = λୡଶ =

λୡଷ) (ii) partial wavelength mismatching regime (λ୮ ≠ λୡଶ = λୡଷ) and (iii) complete 

wavelength mismatching regime	(λ୮ ≠ λୡଶ ≠ λୡଷ). 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 Λ-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. 
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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 (Λ), vee (V) and cascade (ladder- Ξ) 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 vz) 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 kୡ (or k୫) of 

strong coupling (or pump) field is equal (kୡ = k୮), higher (kୡ > k୮), or lesser 

(kୡ < k୮) 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.,kୡ > k୮) 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 (λ୮ = λୡଶ = λୡଷ)  (ii) 

partial wavelength mismatching regime	(λ୮ ≠ λୡଶ = λୡଷ) and (iii) complete 

wavelength mismatching regime	(λ୮ ≠ λୡଶ ≠ λୡଷ). 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 LaCl3 and LaF3, 

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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