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Abstract
The thesis presents results of theoretical studies on Electromagnetic

Field Induced Transparency (EIT) of two multilevel configurations Y and
Gate, so called according to their appearance. The probe absorption be-
haviour for Y and Gate are examined using four methods viz, (i) numerical
solutions of density matrix equations, (ii) analytical solutions to first order
in probe absorption and to all orders in pump, (iii) analytical solutions in
wavefunction approach and (iv) Semiclassical dressed state picture. These
solutions are used to develop an understanding of the underlying mecha-
nism.

The Y configuration shows complete transparency while Gate has a
residual absorption under certain conditions. It is demonstrated that an
externally injected coherence in ground state of Gate system affects its EIT
behaviour. Thus, depending on the value of the coherence the EIT can be
enhanced or destroyed. Using the dressed state picture it is demonstrated
that these results are a consequence of the quantum mechanical interference
from the superposition states in the excited and the ground states which
are connected by the probe transition.

Examples of Y and Gate systems that can exist in real atomic systems
are examined. Also studied briefly are subconfigurations which show Y-like
and Gate-like behaviour.

A case of Gate-like system - comprising of F = l —> F '= l —• F"=l levels
is shown to demonstrate complete transparency. This is because of the
resonant action of the pump beam on the excited levels F'—> F" as well
as the non-resonant action on F —> F\ while the probe field is resonantly
interacting on F —> F' transitions. The solution of this Dichromatic problem
is presented in matrix continued fraction, and has been analysed in terms
of the dressed states.

Possibility of obtaining gain without population inversion is studied
in both Y and Gate using (i) incoherent population pumping and (ii)
injected atomic coherence. The gain mechanism in F = l +-» F '=l <-* F"=l
transition is studied where required coherence already exists and incoherent
population pumping is incorporated.

Finally, spatial variation of the induced transparency as a result of spa-
tial variation of pump beam intensity is considered in the limit when, the
pump beam is assumed a focussed Gaussian beam and the probe beam a
plane wave. In a simple example of a three level ladder scheme, the induced
transparency shows a threshold character a s a funciton of pump intensity.
This threshhold phenomenona is described as a puncture of the length L
of the sample by a dumbbell shaped absorption profile within which the
medium is transparent. The factors affecting the length of this dumbbell
are discussed.
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Chapter I

Introduction

A strong electromagnetic field can considerably alter atomic response functions. Such

alterations can effectively be exploited for practical purposes. For instance, a simple

Stark effect on atomic energy levels by a d.c. electric field has led to an enhanced second

harmonic generation in atomic Hydrogen [1]. Similar useful modifications are induced

by an oscillating electric field as a consequence of dynamic Stark effect[2, 3]. Oscillating

electric fields at optical frequencies can be obtained by use of lasers, which are sources

of intense radiation at optical frequencies. This has led to considerable interest in

studies of a variety of electromagnetic field induced phenomena. Diverse applications

of such phenomena like Electromagnetic Field Induced Transparency (EIT) [4], Lasing

Without Inversion (LWI) [5], efficient VUV generation by third harmonic generation

[6, 7], efficient second harmonic generation [8], ultrahigh refractive index [9], elimination

of self focusing [10] or lens like behaviour [11], enhanced nonlinear sum frequency

generation [12], giant kerr nonlinearities[13], efficient optical phase conjugation [14],

enhanced isotope separation [15] and Velocity Selective Coherent Population Trapping

(VSCPT) [16, 17], etc. have been studied recently.

An intense laser radiation, often referred to as pump beam has been shown to alter

and control atomic properties of a simple two-level model (Figure 1.1) [18]. Another

weak tunable beam, interacting with the same two levels can be used to probe the

alterations induced by the strong beam [19]. The absorption of the probe beam is seen
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to be significantly altered leading to new effects like multiple absorption bands [20] and

gain in presence of the strong pump [19].

Figure 1.1: Two level atom. £p is the pump beam and <fs. is the probe beam.

Instead of interacting with the same strong transition, the probe beam can interact

on a transition connecting one of the two levels with a third level (Figure 1.2). The

pump and probe beams now interact with two different transitions sharing a common

level. In this case, coherences developed between the atomic states can lead to Coher-

ent Population Trapping (CPT) condition and as a consequence such configurations

show a probe absorption behaviour different from the earlier setup (Figure 1.1). Such

configurations involving three levels through their coherences offer further new control

over the electromagnetic field induced phenomena. Recently a large number of studies

of electromagnetic field induced phenomena involving three-level system of all possible

configurations like V, A and ladder (E) have appeared in literature. As examples of

different configurations see references :[13, 21, 22, 23, 24, 25, 26]. These and several
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others have been covered in review articles collected in [5] and references therein.

Figure 1.2: Three level configuration of V, A, and ladder. Ep is the pump beam and £s

is the probe beam.

In order to develop further the study of such electromagnetic field induced phenom-

ena in more complex systems, an insight into the mechanisms of Electromagnetic Field

Induced Transparency is presented below in some detail.

1.1 Mechanism of EIT

Classical absorption of probe beam by an atomic vapour follows Beer-Lambert Law.

Accordingly, intensity of light after passing through a length L of the absorbing medium,

is given by I(L) = Ioexp(—aL). IQ is the incident intensity and a is the absorbtion
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coefficient of the medium, constant throughout the length L. A high value of a im-

plies a large absorption and a smaller value of a denotes transmission. A completely

transparent medium has a = 0. Electromagnetic Field Induced Transparency (EIT)

involves reduction of value of a by a control laser beam.

Three mechanisms leading to EIT which have been studied in past are (i)AC Stark

shift, (ii)Fano interferences and (iii)Coherent Population Trapping. In the first case,

strong, resonant laser causes a dynamic Stark splitting of the related energy levels

[2j. The resultant shift in the energy level is proportional to the Rabi frequency of

the transition involving the strong laser. Stronger the pump laser, larger is the Rabi

frequency and larger is the shift. The probe laser is thus detuned from the shifted levels

leading to a reduced absorption. The absorption is not a complete zero, but minimized

[3, 27, 28].

The other two cases are results of 'Quantum interferences' (QI). Effect of destruc-

tive interference between quantum mechanical pathways was first pointed out by Ugo

Fano who attributed the dark lines in photoionization spectra of Helium to destructive

interference between two ionization pathways [29]. A similar mechanism was adopted

by Harris and coworkers to obtain EIT, in which two spontaneous emission pathways

destructively interfere to give rise to a non-absorption condition [30]. For this interfer-

ence to take place, these two spontaneous emission pathways should couple to the same

mode of radiation field. Such condition is readily fulfilled when the spontaneous emis-

sion takes place from two atomic states having the same J and mj quantum numbers

[30]. But such states do not frequently occur in nature. A method of obtaining such

condition is to prepare a 'Dressed' superposition by a strong laser. These two 'Dressed

States' will then have same effective J, mj values [27, 31], leading to a Harris-Imamoglu
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When (a\d • E\c) = (b\d • E\c) ^ 0, the total transition probability (1.1) is zero and

therefore the population is trapped in level \Q~)- The state |Q-) is termed a CPT state

[34, 35]. Superposition states are obtained even in the previous case, where 'dressed

states' are superpositions of 'bare states'. But the population stays in bare states

which do not form part of superposition state. In CPT condition on the other hand,

population is trapped in the superposition states. Unlike AC Stark effect, creation of

coherences does not call for strong lasers. Nominal intensity lasers will be sufficient to

induce transparency by the above two methods. But coherences between atomic levels,

especially between degenerate atomic levels are destroyed by collision mechanisms. The

laser light in such cases has to be strong enough to overcome such coherence destroying

collisions [36].
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type of interference. QI induced transparency is complete and the absorption is a total

zero unlike AC Stark effect case [27].

The third case referred as Coherent Population Trapping (CPT) is also a result

of Quantum Interference, but between absorption pathways. It was first observed

by Alzetta, Gozzini, Moi and Orriols in their experiments in Sodium vapour[32]. In

this case, a coherence between hyperfine sublevels caused a destructive interference of

absorption pathways [33]. In a typical CPT setup, two ground states \a) and \b) couple

simultaneously to a third state \c) via the laser beam. There developes in the system a

superposition state \Q~) = (\a—b))/y/2. The total transition probability for absorption

of radiation field is proportional to
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The Y and the Gate systems to be introduced below and discussed in detail in the

thesis are more complicated compared to the two and three level models discussed so

far. However before we motivate for their studies we consider briefly the phenomenon of

LWI which has benefitted considerably by the EIT phenomenon, and has been reported

later in the thesis for the Y and the Gate systems.

The lasing without inversion is a phenomenon related to EIT. Two processes are

required to achieve Lasing without Inversion, (i) Increased emission and (ii) cancel-

lation of absorption. There are two methods of achieving these processes, (a) Fano

interferences and (b) preparation of CPT states. Fano interference processes affect

emission and absorption processes differently. Absorption is cancelled due to destruc-

tive interference while the emission probability is unaffected[37]. This concept was used

to achieve sufficient gain without the need for population inversion [30]. In this case,

energy of pump beam is fed into the probe beam. The second method is to first create

a CPT state and thus cancel the absorption. Then, some population is pumped to the

upper level by an incoherent process which will not destroy the coherences that lead to

CPT state. Lasing occurs in this case even when the population pumped to the upper

state is less than the population in the lower state [5, 38]. An added effect that was

observed in this case was the reduction of spontaneous emission which would otherwise

add to the noise in lasing [21, 39, 40, 41, 42, 43]

Practical advantage of EIT and LWI effects may be summarised as follows. EIT

effect is useful when resonant absorption of generated light is to be avoided. Such cases

occur in higher order harmonic generations in atomic vapours and is especially trouble-

some while dealing with VUV light. Added effect of the refractive index being modified
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in presence of strong laser is also applicable in these cases [6, 12]. Usually, In experi-

ments involving atom -light interaction, higher refractive index is always accompanied

by high absorption. Using the EIT effect to achieve low absorption even at substantial

refractive index values was proposed for experiments where ultra high refractive in-

dex could be achieved [9]. Both these features will be beneficial for experiments using

nonlinear optics and magnetometry [44].

Lasing without inversion eliminates the need for long lived states. Conventional

lasing is possible only among those levels where the population inversion holds till

the stimulated emission takes place. This condition is relaxed for LWI process which

extends the range of atomic levels that can be used for lasing. Frequency ranges and

materials hitherto forbidden for lasing action can now be made use of by these methods.

Atomic medium where the transition from ground state to first excited state is in UV

range while the higher transitions are in visible light energies can be used to obtain

gain in UV. Using a weak probe beam in UV and a high powered pump beam in visible

range, a lasing action can be achieved wherein the probe beam experiences a gain at

the cost of pump beam energy. Thus a practical source of high energy UV and VUV

can be obtained.

In order to motivate the study of EIT and LWI phenomena in more complex atomic

models like the Y and the Gate studied in this thesis we introduce now briefly a

treatment of EIT as a coherence induced effect using the density matrix formalism.
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A weak field amplitude Ex does not alter the thermal statistical distribution which has

pee < Pgg. This condition, used in above equation leads to the probe absorption, i.e.,

lm(peg) > 0- Therefore, a > 0 which represents here, an absorption.

If there exists a third level \m) in the atom such that a pump laser beam connects

transition between |e) and |m), then the equation (1.3) becomes

dtPeg = [l{LJ ~ LJeg) - leg]Peg ~ i^±(pee ~ Pgg) + i-J~2prng (1-4)

where pmff is the coherence between \g) and |ra). £\ is the amplitude of probe beam

and <?2 is that of the pump beam. It is seen that pmg modifies the value of peg and its

coupling is controlled by value of d.Ei-

Under suitable conditions, pm5, can completely cancel the effect of (pee — pgg), and

make the coherence peg = 0. The medium is then transparent. It is also possible for

pmg to exceed the contribution of (pee — pgg) and make peg negative, which implies gain

in the medium. For such a 'coherence induced gain' situation, the population inversion

Pee > Pgg 1S n°t required, and a Lasing Without Population Inversion is hence possible

[45]. Thus, EIT and LWI are results of coherence between atomic levels. This makes

it necessary that in multilevel schemes, all possible coherences should be considered.

For further development of the EIT like phenomena one might consider modifica-

tions of atomic response due to a strong pump forming a three-level-configuration by

itself. This is different from the two-ievel-strong-field-configuration discussed so far in

the literature. The weak probe beam probing it may act on another connected tran-

sition e.g. by dipole transition to a fourth level. Behaviour of such a model will be

dramatically different from the three level systems already studied in literature.
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Figure 1.3: Y and Gate configurations. Thicker lines represent pump beams and the
thinner lines are probe beams.

Analysis of two such models are presented in this thesis. In these models, the

conventional three level systems are formed in the excited state, and the probe beam

interacts with the ground state. For the sake of simplicity, only a A and a V system in

the excited states are considered since they involve a strong beam of a single frequency.

The first model is a four level system, called Y configuration. It involves a V system in

the excited state and the probe beam interacting with the common level of the three

states and the ground state (Figure 1.3). The second model is a five level system, called

the Gate configuration. It has a A in the excited states while the probe beam connects

transitions between the two lower levels to two degenerate ground states (Figure 1.3).

They are thus named due to their appearances.
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An analysis is presented in this thesis for Electromagnetic Field Induced Trans-

parency in these two configurations. It reveals the distinct behaviour of these two

systems. For instance Y configuration shows a complete induced transparency, while

the Gate configuration does not. An understanding of such behaviour is important

when, as shown in the later part of the thesis, complex systems are analysed as com-

binations of Y and Gate systems.

1.2 Plan of this thesis

At first, behaviour of isolated Y and Gate configurations are analysed in the density

matrix formalism in Chapter II. Numerical calculations are used to show the effect

of atomic coherences which cancel the absorption process in the Y configuration and

reduce the absorption in the Gate connguration. Analytical solutions are then obtained

in first order of probe amplitude, for both the configurations. These analytical solutions

agree well with the numerical solutions at a weak probe beam limit. An application

of these analytical solutions is suggested using which Rabi frequencies of excited state

transitions can be experimentally determined.

The dressed state picture shows the mechanism of transparency in a straightforward

way. In order to discuss the dressed state picture we consider next the wave function

approach for the analysis of the Y and Gate configurations in Chapter III. Solutions

in the long-time limit are presented in both bare state and dressed state picture. These

two solutions confirm the earlier results of the density matrix method. These solutions

are used to develop an understanding of the mechanism of EIT in Y and Gate systems.
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The Fourth chapter deals with a situation when the atom is initially prepared in

a superposition state of the two ground states of Gate system. The behaviour of the

configuration is affected by such a preparation. The injected coherences either enhance

or reduce the transparency of the Gate configuration depending upon their sign. Such

externally injected coherences offer a control over the transparency of the Gate system.

Analysis of this behaviour leads to a new insight on interaction between superposition

states. Behaviour of Coherent Population Trapping is reexamined in this light and the

knowledge of such behaviour is extended.

In the fifth chapter, energy level schemes of certain real atomic systems are analysed

where Gate and Y systems can be realized. Configurations formed with magnetic

hyperfine sublevels of Sodium atom are considered as an example. Three configurations

are studied, the first one is an isolated Gate system, a second one is when a Y and a

Gate configuration exist together. Third one is a more complex configuration involving

many levels, all of them interacting with the same pump and probe beams. This

configuration is shown to reduce into uncoupled groups which individually show either

Gate -like and Y -like behaviour. This means that Gate and Y can be considered as

generic systems and can be added to the class of other generic systems such as A, H

and V.

In previous chapters II to IV, the pump and probe beams have been assumed to

interact only with their respective transitions. Due to differences in their frequencies,

the pump beam is assumed far detuned from the probe transition frequency and vice

versa. Note however that even far detuned beams can generate coherences between

atomic levels. For example in the Gate configuration, the pump beam can create extra

coherences while interacting with the probe transition. Considering such coherences
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can lead to further modification of the EIT phenomena. Such a case is presented in

the real atomic system. In this case since both pump and probe beams, which are

of two different frequencies, are interacting with both the transitions, a Dichromatic

aPproach is used to solve this problem in Chapter V. Solutions are obtained in continued

fraction method. The coherences created by the pump beam is seen to render the Gate

configuration completely transparent. An examination into the dressed state picture

reveals that the pump beam creates coherences which lead to the same effects as studied

in Chapter IV by the injected coherence method.

Lasing without inversion in Y and Gate systems is examined in Chapter VI. Three

cases of achieving Gain without population inversion are presented. (A) Incoherent

pumping method : By transferring some population incoherently to the first excited

states, but not creating a population inversion. Since absorption and spontaneous

emission is inhibited due to coherence induced effects, population decay to lower levels

is via stimulated emission. A gain is observed even in absence of population inversion.

The Y configuration, which shows a complete induced transparency is suitable for this

method.

(B)Injected coherence method: The role of coherences between ground states, which

in an earlier chapter was shown to effect the absorption properties significantly, is

exploited here. A coherence between the two ground levels of Gate can be created

externally. This coherence is in general a complex number and its magnitude and

phase can be controlled separately. For particular values of such magnitude and phase,

gain is observed and the frequency region of this gain can be controlled by controling

the phase and magnitude.
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(C) A combination of the above methods is used to achieve gain in the realistic con-

figuration. The Dichromatic problem reveals that the pump beam acting off-resonant

on the probe transition creates a coherence between the ground states which will render

the Gate system completely transparent. Thus, the necessary coherence is created by

the pump beam itself. Once this coherence is created, an incoherent pumping can be

used to obtain a gain in the medium. Continuing from the bichromatic problem of pre-

vious chapter, the real configuration with an isolated Gate system is used to achieve

such a gain.

In Chapter VII, we consider an effect of the pump beam being a focussed Gaussian

beam. This results in a spatial variation of the strength of the pump laser, along the

length of the sample. A relation between the strength of the pump laser and the EIT

signal observed is explored. This gives a condition for the threshold intensity of the

pump laser for which EIT is achieved [46].
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Chapter II

Y and Gate schemes: Semiclassical study

Detailed study of two model configurations, viz., Y and Gate are pre-

sented in this chapter. These two configurations are individually analysed in

Semiclassical picture using density matrix formalism. Xumerical solutions

are studied and analytical solutions are obtained to first order in probe am-

plitude and to all orders in the pump using linear response theory. Analytical

solutions are shown to agree with the numerical solutions obtained to all or-

ders of probe amplitude. It is seen that the Y system can be made completely

transparent while there is only a reduction to a final residual absorption in

the Gate system. Use of these effects to measure the dipole matrix elements

of excited states is suggested.

2.1 The Y Configuration

The Y configuration is shown in the fig. 2.1. A weak probe beam, of small amplitude,

denoted by Es — <?^exp(z ust) + c.c, connects transition between levels |1) and |2). The

strong pump beam (Ep) is polarized perpendicular to the polarization of Es beam. The

subscript s in Es refers to the smallness of the amplitude and the subscript p in Ep

refers to the pump. The Ep may be considered as a sum of two circularly polarized

lights denoted by E; = £* exp{i vpt) f c c , which connects |2) +-• |3) and |2) <-> |4)

transitions respectively. E+ and S~ denote the slowly varying amplitudes of the beams

of two different circular polarizations needed to connect the two different transitions

18
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characterized for example by angular momentum selection rule AmF = ±1 . It is

assumed that the field Ep is too far detuned to interact with |1) <-> |2) and the field Es

is far detuned from |4) «-+ |2) «-> |3) transitions.

Fig. 2.1

Although levels |3), |2) and |4) form a V configuration which has been extensively

studied in past [1, 2, 3], study of Y is more than just an extension of earlier studies as

shall become clear shortly. Note that earlier studies of V configuration involved a pump

and a probe beam together forming a V configuration. In the present configuration,

the probe beam lies outside the V system, which is formed by two pump beams of

different polarizations. The V shaped configuration is formed only among excited

states, whereas all the population is assumed to be settled in the ground state |1) to

begin with. Therefore, the probe absorption behaviour of Y system will be different

from that of the V system. We will show that it is more like that of E system.
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Absorption of the probe laser is related to imaginary part of p21 (1-2). Equation for

p12 in (2.3) and p2i = Pu show that the evolution of p21 is governed by three factors,

viz., the population difference pu — p22 and the two coherences p3i and p4i. The two

coherence terms are, in turn, coupled to the coherence terms p32 and p42 respectively,

by the pump field. Therefore, a strong pump beam will obviously create a strong p32

(p42) and hence a p^\ (p4i) with a value high enough to overcome the effect of p22 — p\\.

At steady state, when the time derivatives on LHS are zero, the probe absorption is

governed by the steady state values of these factors as
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excited states: that of |2) is represented by the solid line and those of |3) and |4) are

represented by the dashed line. Figure 2.2 (d) shows the contribution from two factors

which make up p^i- The solid line shows the factor A = Im [(pu — p22)/(As — 1721)],

and the dashed line shows factor B = Im [(fci 4- Pn)/(AS - 1721)]. From equation (2.4),

these two add up to give Im(p2i)< These two are of opposite signes in As % 0 range.

This shows the origin of the small dip of probe absorption at zero detuning at Figure

2.2 (a). The population values from Figure 2.2 (b) and (c) show that during the dip in

probe absorption, the population is depleted in level |1) while the populations of level

|3) and |4) increase, showing that there is a direct population transfer from ground

state to these two upper levels.

Figure 2.2 d which presents an explanation of the dip in Figure 2.2 a is further

elaborated in Figures 2.2 e and 2.2 f. In Figure 2.2 e are plotted separately the functions

BR and BL where
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as characterizing the magnitude of residual absorption at As = 0. Figure 2.2 f shows

its behaviour in the domain of the dip As = 0.

We may summarize the characteristics of the system for weak probe and weak pump

beams, shown in Figure 2.2 as follows.

(a) Probe absorption shows Lorentzian peak with peculiar dip in absorption at line

center.

{,3) Population of level |1) is depleted along with the probe absorption but does not

show any reduction in its depletion at the line center.

(7) Population of level |2) on the other hand follows the probe absorption along the

broad Lorentzian peak as well as the peculiar dip at the line center.

(8) Population in level |3) and |4) do not follow the probe absorption along its broad

Lorentzian but show a narrow Lorentzian peak in concurrence with the dip in

probe absorption, and with the dip in the population of level |2) at the center.

w) The minimum of the dip in probe absorption occurs at As = 0. It is controlled

by the value of condition d2\-S°s(Pu — P22) + 3̂2-̂ 32 Re [pz\] + c/42.̂ 42 Re [p4i] at

As = 0 as shown in Figure 2.2 f.

We consider next a case when the pump beam is strong and resonant. The probe

absorption then shows a different behaviour. Figure 2.3 (a) shows the probe absorption,

for a pump value of Hp = 6.0 and a probe beam value of H9 = 0.2. There is a

marked transparency window between the two absorption side bands. These side bands
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and in the neighbourhood of Rabi side bands one notes the domination of BR term.

Particularly interesting in this regard is the observation that the final Lorentzian look-

ing shape of the Rabi side bands are not truly Lorentzian about their own center. The

inner portion, towards the transparency window, is made up of the difference between

a Lorentzian and dispersion curves, while the outer sides of the Rabi side bands are

composed of a sum of a Lorentzian and a dispersion (local) curve. (BR + BL behaviour)

To summarize the differences in the characteristics of the system created by going

to strong pump case we note:

(SPQ) The probe absorption develops three distinct regions

(a) two Lorentzian peaks separated by the Rabi frequency of the three level-

V- system as shall be shown in Chapter III.

(b) the line center continues to show little absorption, though some changes

occur as required by the modification of the dip by the development of large

Rabi frequency sidebands. Thus the small dip in weak pump case has now fully

developed into a broad transmission window.

(SP/3) Population of level |1) continues to show depletion whenever probe absorption is

large as for example at the two Rabi side bands. The broad transparency window
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now is accompanied by very little depletion in pu. This is very much in contrast

to what was happening in weak pump case. There was little indication through

the behaviour of pn of the reduction in absorption at the line center.

(SP7) Population of level |2) continues to reflect probe absorption feature in that it is

large at Rabi side bands and nearly zero at line center inside the transparency

window.

(SP<5) Population of level |3) and |4) now do follow the probe absorption peak at the

Rabi side bands as well as reduced values through transparency window. However

the values are finite through transparency window and as well as at line center-

that is they are not zero.

($Pr;) The minimum of the dip in probe absorption at As = 0 is characterized by

d2l-£s°(Pll - P22) + (^23^^31 + d^S^*pA\) ^ 0

Let us recall that these peculiar behaviour are similar to a simple ladder like con-

figuration which may be obtained from the Y system by simply putting say d.\2 = 0.

Analysis of a ladder in terms of A, BR and BL has however not appeared in print

before. The Y system has distinctly different behaviour because of possible coherence

among |3> and |4) levels which can be fairly high for 734 ^ 0 situation considered so far.

We now consider a case where 734 = 1.0 implying a large collision relaxation between

levels 13) and |4). In the weak field case shown in Figure 2.2g and 2.2 h we see that the

dip phenomenon vanishes, although some change does occur. For the case of strong

pump, there are two effects (a) the peak heights of Rabi side bands is reduced (b) the

absorption at As = 0 is increased, i.e., the transparency is reduced. The analytical

results obtained in next section are valid for 734 7̂  0 as well as for Ap ^ 0.
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2.1.1 Analytical Solution for Y system

For the case of strong Qp (pump) and weak 0 s (probe), an approximate analytical

solution is obtained in the first order of probe intensity, using linear response theory

and all orders of the pump field. Then, the coherences p23 and p24 and population P22

get significant values only in the second order in probe amplitude. Thus, for a weak

probe, the zeroth order terms in probe can be assumed to be zero, i.e.,

Such an assumption is valid because a weak probe will not generate a significant p22

and hence p23 and p24 will be negligible. For other cases, such assumptions are invalid.

From equation (2.3), the relevant equations, upto the first order in probe amplitude

are
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For small values of probe field (£s), this solution shows an excellent agreement with

the numerical solution obtained to all orders using equation (2.5 b), validating the

approximation. Figure 2.4 shows a comparison of the analytical solution (symbols) to

the numerical result (solid line) showing that they agree well with each other. We may

employ the condition of these analytical solutions to determine the oscillator strengths

of levels lying in the excited states of atoms. This is described below.

2.1.2 Determination of f - values

In the classical picture of an atom as a dipole oscillator, the strength of emission or

absorption of light from a single such oscillator is quantified by 'Oscillator strength' or

the 'f -value'. The total light emitted or absorbed by a system of M oscillators is then

given by Aff. Comparing with the quantum picture of atom, f-value is found to be

proportional to the Einstein A coefficient, which in turn is related to the dipole matrix

element of the transition between two atomic levels [7] as

The accurate measurement of f-value is important in the field of astrophysics and

spectroscopy. The existing methods of measurements are based on plasma excitation

where,

and

(2.9)



Chapter II. Y and Gate schemes: Semiclassical study 31

and require an accurate measurement of population in the excited states involved.

Accurate knowledge of population in excited states is difficult to obtain. The analytical

solutions of EIT helps to devise a method to experimentally determine the dipole matrix

elements of excited states without pumping any population to the excited states.

Using AC Stark splitting for measurement of dipole matrix elements has been sug-

gested earlier [8]. Accordingly, in an absorption profile obtained as a function of probe

detuning, the distance between two absorption peaks is directly proportional to the

Stark splitting of the energy levels, which is equal to 2fi, where Q = d- E. By using the

analytical expression (2.9) to fit the set of experimental data over the entire detuning

range, value of |^3212 ~+~ ̂ 4212 can. be determined to a better accuracy. Using these values

in (2.10), the oscillator strengths for excited state transitions (2 Jr] 3) and (2|f|4) can be

determined.

Having discussed the numerical and analytical results for Y configuration we next

consider the Gate configuration.

2.2 Gate configuration

This configuration is as shown in fig. 2.6. A single probe beam denoted by Es ^

£s°exp(i cjst) -hc.c connects both |5) <-• |7) and |6) *-> |8) transitions. The strong beai^

Ep ^ <fp
±exp(i Ljpt) +c.c. connects the transition |8> ^ |9) and |7> <-> |9). Levels |5),

|6) and |7), |8) are assumed degenerate for the sake of simplicity. The results are valid

even otherwise, as long as the single probe laser and a single pump laser connects the

transitions as described.
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In this case, levels |7), |9) and j8) form a A configuration involving the excited states.

The probe beam connects levels of this A to two levels |5) and |6) outside the A. The

population is assumed to be confined to levels |5) and |6) to begin with and not in |7) and

|8). The pump and probe beam are of different polarizations. The pump is polarized

in x-y plane, and probe is polarized along z- axis. So the angular momentum selection

rule allows A configuration, and coupling of probe beam to transitions |5) <-» |7) and

|6) <-> |8) which are of same azimuthal quantum number m. Note that the configuration

is simultaneously probed by the two ground states |5) and |6). Therefore, the probe

absorption behaviour is expected to be different from that of the A configuration which

has been studied earlier [5, 9]. The A configurations are usually made of one weak and

one strong transition. The Gate configuration can not be interpreted as two ladder

(H) configurations. Because the pump beam creates a coherence between the states

17) and |8) and such coherences for two connected ladders have not yet been studied.

Therefore, this configuration requires further analysis.
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(2.11)

&i denotes t he energy eigenvalue in r ad i an frequency, of level \i) a n d di3 — (i\d\j) is

the dipole m a t r i x e lement of t r an s i t i on be tween levels |z) and \j)} for i,j = 5 ,6 , 7 , 8 , 9 .

hbar is t aken to be 1.

The dynamics of the system is determined by the Liouville equation, which in Born

Markov approximation is

dtp = -i [H,p] - Cp

The Liouville operator Cp denote the matrix containing damping mechanisms, which

follow the master equation [4]

7i; is the decay rate of coherence p i ;.
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On using (i)the transformations

pij = p i ; exp(iujst) for i = 5, 6 and j = 7, 8

Pij = Pxj oxp(iujpt) for i = 7, 8 and j = 9

Pij — Pij exp(i((js -f up)t) for i = 5, 6 and j = 9
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Since the probe connects both |5) -> |7) and |6) -+ |8) transitions, total probe

absorption is given by the sum of individual probe absorptions Im(p75 + Pse)- Because

of the symmetry that is assumed in the similarity of transitions |5) «-+ |7) and |6) —* |8)

the two probe absorptions are identical. From the p75 equation in (2.12), evolution

of prn is seen to be governed by population difference pj7 -r P55 and the coherence P95.

Similarly, evolution of p86 is governed by p88 - pm and pge> At steady state, the probe



Note that 756 (765) is the decay rate of coherence of £*& (p65)between the ground

states |5) and |6). Similarly 77^(^87) ls the decay rate of coherence pT8 (p87) between

levels |7) and |8). Because of the degeneracy assumed in ground and excited levels the

rates 7-8 and 756 are dependent on collisions and different values of 773 will be used in

the following.

The steady state solution to be used in 2.14 and 2.15 is obtained by the method

similar to the one used for Y configuration. A closure condition is imposed on the

system and p55 is substituted by p55 = 1 — (p66 -f P77 + pgg + £99)- The set of equations

(2.12) are rewritten in matrix notation as

Chapter II Y and Gate schemes: Semiclassical study

absorption can be written as

Here ip is a (24 x 1) column vector consisting of elements of density matrix, M is a

24 x 24 matrix denoting the couplings and Q is a column vector arising due to use of

closure condition. Explicit form of these matrices are given in appendix B.

The steady state solution of (2.15) is

(2.15)

36
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Numerical solutions are investigated for specific parameters. As in the case of Y

system, all the frequency parameters are normalized to the coherence decay rate 737.

Figure 2.7 (a) shows Im(p75) and Iin(p86) for a case when both pump and probe beam

are weak with their Rabi frequencies Q., = Qp = 0.2. Here we have 756 = 775 = 7^

and 778 = 0. It shows that the probe absorption has a Lorentzian profile, indicat-

ing a behaviour similar to that of a two-level atom in the weak fields. Figure 2.7

(b) shows behaviour of population of ground levels |5) and |6) where the decrease in

population of |5) and |6) is indicated along with absorption of the probe (fig. 2.7

a). Figure 2.7 (c) shows populations of excited states |7), |S) and |9). Their pro-

files are compatible with that of probe absorption. Figure 2.7(d) shows two factors

which add to make up steady state value of hn(p7o), according to (2.14). The factor

B = Im [d75£°(p55 - P77)/(A75 - i(7o7 + 765 + 78?))] is too small to make any change to

the absorption factor A — Im [(—dg7£pP9^)/(A75 - 1(757 + 765 -H 787))] which shows the

Lorentzian. Therefore, their sum is absorptive.

Summarizing the observations from Fig. 2.7 for the weak probe arid weak pump

case we have for the Gate system,

(ac) Individual absorption of |7) «-> |5) and |6) <-> |8) transitions show a single peak

Lorentzian line shape. Unlike Y system, for similar situation in terms of field in-

tensities, the Gate system shows only partial noticeable reduction in absorption.

(PG) There is depletion of population in levels |5) and |6) accompanied by absorption

of probe. This depletion is with respect to the population (0.5) in the absence of

any radiation.
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w'c) Levels |7) and |8) show increase in population with the absorption of probe beam;

\^G) However the population transfer to level |9) is rather small. This is so even at

line center where the probe absorption is maximum. Nevertheless for weak fields

it follows the probe absorption pattern.

(T?6") There is no dip in probe absorption at line center. This is also characterized

fry the fact that for the parameter range chosen (d£° (p55 — P77) + d£^^) and

(fi.«f"(p66 — Pss) + d.SpPw) are far from being zero. Hence there is no cancellation

effect and no transparency is produced at these range of parameters.

Next we consider the case of strong pump and weak probe. Figure 2.8 (a) shows

Im(/77-) and Im(p86) when the pump beam becomes stronger, with amplitudes Qp — 6.CK

while the probe beam is weak with Qs — 0.2. We have a three peaked profile. This

profiles shows two side bands of absorption at A =/ yl^97|2 + l^gl2, which are at Rat̂ i

frequencies of pump beam transition. A central absorption peak at zero detuning

indicates a finite, nonzero absorption at center. Therefore, there is no transparency

induced for this system, though the absorption at the center is less than that for a weak

pump case which is seen in Figure 2.7 (a). Figure 2.8 (b) shows populations of ground

states |5) and |6) and Figure 2.8 (c) shows populations of excited states |7), |8) and

|9). These two Figures show a three peaked depletion in population of level |5) and |6)

coincident with probe absorption- Corresponding increase in population of |7) and |8)

is also a three peaked structure- However the behaviour of the change in population

of level |9) shows only a double peak structure coincident with the Rabi side bands in

probe absorption. Population of level |9) is not zero at zero detuning. Figure 2.8 (d)

shows the behaviour of factors A and B for the Gate system which add up to form

the probe absorption Im(p7s)- Clearly the cancellation is not complete at As = 0. i.e.,



This result is in contrast to that for the Y configuration at high intensity which

shows a marked transparency. Even though the pump beam creates a coherence be-

tween the excited states, such coherences do not cancel the probe absorption.

We may now summarize the results of Figure 2.8 for the strong pump case of Gate

system.

(SPac) The probe absorption develops three distinct regions

(a)Two Lorentzian peaks separated by the Rabi frequency of the three level

A system as shall be shown in Chapter III

(b)The line center shows strong absorption peak and thus there is no trans-

parency or zero absorption at line center.

(SPJG) Population of levels |5) and |6) deplete at all the three places where the probe

absorption is high.

(SP7G) Populations of levels |7) and |8) show corresponding increase in population at the

three places where probe absorption is strong,

(SP6G) Population of level |9) shows peculiarity in the sense that it has high population

at the Rabi sidebands of probe absorption, but its population at As = 0 does not

show a peak in spite of the fact the probe absorption and population in levels |7)

and 18) is high.

(SPr;G) As noted above the cancellation of A and B in this case is not complete, so the

Lorentzian also occurs at As = 0. Leading to the three peaked structure.
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We note that in the Gate system coherence decay rates 778 and 75$, can have a

variety of values, we have chosen above a case with 756 = 757 and 778 = 0. The Gate

system needs analysis for other values of 7S6&778 also. We shall take up these cases

after we have given the analytical expression for the Gate system obtained in a manner

similar to that used for Y system.

2.2.1 Analytical Solution for the Gate system
Using a similar method as in case of Y configuration, an analytical solution is obtained

for the strong pump and weak probe case to the first order in probe amplitude. The

zeroth order coherences pW and pB7 are assumed to be zero because they get significant

value only in second order in probe intensity. The coherence between ground states A-g

is assumed to be zero for the present, due to a large 735.

The relevant equations under such assumptions are

A similar set of equations are obtained for p86 as
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(2.21)

It can be noted at this stage itself that the two sets are independent of each other.

In other words, the two components of probe absorption do not affect each other.

Plugging the steady state solutions of equations 2.17 and 2.18 in 2.16, and those of

equations 2.20 and 2.21 in 2.19, we obtain steady state solutions for probe absorption,

(2.22)

and

(2.23)

Figure 2.9 shows the comparison between analytical (symbol) and the numerical

solutions (solid) for weak probe and strong pump. It shows a good agreement for small

values of probe, and same parameters as used in Figure 2.8.
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case of 778 ^ 0

Figure 2.8 g compares graphs for "yrs = 757 with 778 = 0 case. The three peaked

structure for the Gate system is shown here also. However the peak heights at Rabi

side bands are reduced and broadened. The behaviour of A and B factors for these

cases are displayed in Figure 2.8 h. The nonzero value of [ds£°s{pr^ - p77 + Re(dp.£pp9r})}

does not allow transparency to be produced in Gate system. Similar results have been

found when Ap 7̂  0.

case of 756 = 0

2.2.2 Anomalous absorption

It is interesting to discuss an anomalous case obtained when 75$ = 0 and 778 = 0.

In this case the numerical results give the probe absorption behaviour very different

from the analytical results in Gate case. Note that the analytical result as expected,

by reducing the 778 = 756 = 0, show three peaked structure, as in Figure 2.8 g, with

much narrower width and high peaks. The numerical results on the other hand show

only a doublet and a transparency much more than in previous cases. Figure 2.10 is a

study of the effect of choosing 756 = 0 for weak field situation and Figure 2.11 is the

^tudy for strong field case where the surprise lies in the absence of the central peak

which occurs in Figure 2.8. The major difference in 756 = 0 and 736 = 757 case lies in

the large value of the coherence p56 for 7^ = 0 case and its zero value for 756 = 1.0

case. Clearly the approximation used in deriving the analytical results are not valid

in regions where p^ 7̂  0 or is developed as a result of higher order effects in probe

absorption. In order to further illuminate this anomalous situation and to gain further

insight into the behaviour of Y and Gate systems we examine in next chapter wave

function approach in which it is possible to examine the dressed state picture of the

two systems. We need to investigate further why there is a large transparency when
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P56 = 0.5 in Gate system at As = 0.

2.2.3 Determination of f - values

The analytical solutions 2.22 and 2.23 can be employed to determine the dipole matrix

elements even in this case. The dipole matrix elements (7\d.Ep\9) and (&\d.Ep\9) can

be determined using the same technique that was used for Y system. The separa-

tion between the two Rabi sidebands is equal to yJ\Q97\
2 + |^98|2. Using the analytical

expression to fit the experimental data for probe absorption, the values of Rabi fre-

quencies can be obtained with a better accuracy. The dipole matrix elements can be

calculated from the values of Rabi frequencies.

2.3 Conclusion

The numerical solutions in density matrix formalism show that the coherences formed

t>y the pump and the probe beam affect the probe absorption. In case of the Y con-

figuration, these coherences can completely cancel the absorption while for the Gate

configuration, the coherence can only partially cancel the absorption. This results in

a complete transparency for the Y configuration while the Gate configuration expe-

riences a reduced but nonzero absorption. However the Gate system can show trans-

parency if one can prepare p56 = 0.5. In the next chatper, a further investigation of the

dressed state picture of Y and Gate is presented. In Chaper IV, a detailed discussion

of why the transparency of Gate is high for p$6 = 0.5 is presented.











Fig . 2 . 2 ( e ) : Factors BR and BL for ^s=0.2 and np=0.2. Insets (A) and (B) show

Re (P31+P41) and Im (P31+P41) respectively.
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Fig. 2.7 (e): Factors BR and BL for ns=0.2 and flp=0.2. Insets (A) and (B)

show Re (p95) and Im (p95) respectively.













Fig. 2.8 (e):Factors BR and BL for fts=0.2 and np=6.0. Insets (A)

and (B) show Re (p95) and Im (p95) respectively.
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Chapter III

Dressed state analysis

A study of Y and Gate is presented in the wave function approach. Di~

agonalization of the interaction Hamiltonian leads to 'Dressed States '. Re-

sults for probe absorption in the long-time limit are obtained in both 'Bare

states' and 'Dressed States'. These two solutions are shown to match with

each other for both Y and Gate cases. Also, they match with the results of

density matrix solutions obtained in previous chapter. A straightforward de-

scription for the behaviour ofY and Gate schemes is evident in the dressed

state picture.

3.1 Semiclassical Dressed States

A 'Dressed State' approach to solving light-atom interaction involves using eigenstates

of the complete Hamiltonian which contains both bare atom and the interaction terms

with the dressing field. The new eigenstates thus obtained are termed 'Dressed states'

and the atom is visualized to be dressed by the surrounding photons [1], Eigenstates of

the atomic hamiltonian in absence of 'dressing' field are termed 'Bare States'. 'Semi-

classical Dressed States' are those dressed states obtained by using a Semiclassical

picture of light-atom interaction [2]. These new states are coherent superposition of

bare states. Their energies are Stark shifted from those of the bare states by an amount

proportional to Rabi frequencies of the interaction. This new energy structure becomes
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relevant when the dressed states are shifted beyond the linewidths of bare states. There-

fore, 'Dressed State' picture is appropriate when strong 'dressing' fields are involved.

In this case, Rabi frequency Q of the interaction is larger than the decay constant 7,

which determines the linewidth.

Analysis of Y and Gate configurations in this chapter are presented as follows.

At first the behaviour of Y configuration is studied in the wavefunction picture with-

out resorting to the dressed states. The probe absorption behaviour is shown to be

equivalent to the results from density matrix formalism. Dressed states formed by the

pump beam are obtained and the interaction of probe beam between these states and

the ground states are analysed. Effect of Quantum Interference between spontaneous

emission pathways is investigated. The study of Gate system is then presented in the

same manner.

3.2 Y configuration

3.2.1 Bare state analysis

The state vector in the four-dimensional Hilbert space for the Y system is written as

The Hamiltonian of the system is the same as the one used in previous chapter,
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Using them in Schrodinger equation idt\vj) = H|V)> and after suitable transforma-

tions the equations for the probability amplitudes are obtained as

(3.1)

(3.2)

(3.3)

(3.4)

The detunings are defined as

7,; are the rates of decay from level j to level i which are added here in a manner
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following Harris and coworkers [5, 6] §,

For a large value of 1A21 — 742 and iA2i — 732, the time derivatives on the LHS of

3.1 and 3.2 can be assumed negligible and hence set to zero. Solutions of C3 and C4

obtained from such a procedure is substituted into equation 3.3. By setting the LHS

of 3.3 also equal to zero, the solution for Co is obtained in the form

(3.5)

This shows that the time evolution of the amplitude C\ is governed by the probe

beam coupling l^i-^sl2- The time evolution of population in levels |1) is then given by

and D* is its complex conjugate.

5A detailed derivation of spontaneous emission decay is discussed in a later section.

(3.6)
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It is seen that population loss from level |1) is only due the coherent process involving

probe beam. Therefore, the probe beam absorption can be assumed equivalent to loss

of population of level |1). It can also be noted that the denominator D is identical to

the denominator of the analytical solution of p2i which is obtained in Chapter II.

Solution of 3.6 is then

(3.7)

Where |Cij2(O) is the population of level |1) at initial time t = 0. The absorption

coefficient 3 = |̂ 2i-<^s|2 [^ + j^l is plotted in figure 3.1 as a function of detuning A21

for the same parameters used in Chapter II. i.e., fi2i = 0-2 and Q:i2 = JI42 == 6.0. The

profile of this factor is identical to the probe absorption behaviour obtained in Chapter

II for the Y system.

and
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Operating a transformation C ; = C ; exp ( - i A2! t) for j = 1,2,3,4 and setting

A42 = 0 = A32 for simplicity, equations 3.1 - 3.4 become

The above equations in the matrix notation are

(3.10)

(3.11)

Where C is the column matrix ( C4 Cs C2) and M is the 3 x 3 matrix containing

the d.£p terms. 7 is the 3 x 3 matrix containing the decay terms and D is the column

matrix consisting of the C\ coupling term. Solving characteristic equation for the

matrix M, the eigenvalues obtained are, A = 0, ± a , where a2 = |rf32.£*^|2 + \d±2-£p\2

Denoting g^ = d^2£p and g.i2 ~ d±2£p , the diagonalizing matrix S is obtained by

arranging normalized eigenvectors,
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Carrying out the unitary transformation using S and S\

gives

where

and

(3-12)

Where it is assumed that 723 = 724

The individual dressed states are given by
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(3.13)

Substituting them into equation for Cu

Equation (3.12) shows that the 'Dressed States' #1, fy2 and .̂-} have energy eigenvalues

-fa, 0 and —a respectively. The probe laser is then resonant with levels ^ , #2 and

#3 for the detunings A2i = +a,0& - a respectively. The eigenstate associated with

A21 = 0 is ^ 2 = {923C414) — ,924^3|3))/Q, which does not contain any contribution from

the state J2). Therefore, transition probability (l\d.E\^2) = 0, which means that the

probe absorption at zero detuning is zero. The manner in which this zero coupling at

A21 = 0 is obtained is different from the conventional zero coupling of the CPT case. In

well known CPT mechanisms, the transition probability due to individual components

that make up the superposition state interfere with each other and the total transition

probability is therefore a zero [4]. Whereas j n the Y system, the superposition state

which interacts with the ground state at A2i ^ 0 is made up of only those components

which individually are uncoupled to state |1) by the probe transition. Therefore the

total transition probability is a sum of zeros.

Carrying out a transformation, \Pj — $7-.exp(—iA2i.£) for j — 1,2,3 the equations

3.12 become
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where g12 — d2\8s.

The time derivatives on the LHS of equations 3.14 and 3.16 can again be set to zero

when the term iAo] ±a — T\ is large, and the two equations can be written in the form.

(•i.lb)

( 3 1 9 )

Using an inverse transformation C — S. ##, the amplitude C2 in terms of dressed

states is obtained as

Solving these two equations simultaneously,

(3.17)

(3.14)

(3.15)

(3.16)
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(3.20)

Rewriting the above equation as

and hence,

(3.21(6))

The symbols in Fig. 3.1 shows the behaviour of 2 Re(D') for detuning A2i, which

matches with the solid line representing the absorption factor from 3.7.

3.2.3 Interference between spontaneous emission pathways

Quantum Interference between spontaneous emission channels can lead to a modifica-

tion of absorption and emission profiles. It has been shown that this effect will manifest

as coupling between the decay terms in the wavefunction equation [5, 6, 7j. Such cou-

pling was absent in the equations for the Y system of previous section, where the form

of decay terms had been adopted following references [5, 6]. To verify the absence of

such an interference, a detailed analysis of the form of these decay terms is necessary*

Such calculation is presented for the Y system in this section. The form of decay

terms is derived in the Weisskopf-Wigner formalism [8, 9j. Each state is represented by

i,nL->nk,*), where \i) is the bare atomic state, with nL photons of laser and nig,a nutfi*

ber of spontaneous emission photons in mode k and polarization a [1]. The quantise^

Substituting this into equation for C\ gives
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where u;, is the energy of the iih state in angular frequencies, a^a, denotes annihilation

operator for spontaneous emission photon of ith mode and a^., its creation operator.

ak and a^L are creation and annihilation operator for the strong laser and subscript kp

denote the same for the probe beam. The factor gXJ are given by the relation[6],

A closed family of essential states is considered, which are coupled by the interaction

Hamiltonian. They form a wavefunction,

(rU -I- 1)LJ£ refers to ni 4- 1 photons of the laser at frequency CĴ  and np is the number

of photons of probe laser at frequency ^Vs alkl is the spontaneous emission photon in

the ith mode with a wavevector A; and a polarization a.

Where, e.ka is the polarization vector of photon ka, V is the normalization volume, e.o

is the permitivity of free space. C. C. denotes complex conjugate.
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The Schrodinger equation, idt\il>) = 7i\il>) gives an equation for each probability

amplitude as

C2 is assumed to be a slowly varying quantity when compared to the exponential terms

in the integrand.
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Solving this integral, [8],

(3.26)

Where p/A^3 is the Principal value of /\^of and S(Ak
l
3°:i) is the Dirac delta functior

centered at A^3. The Principal value terms give the energy shifts induced by th<

vacuum fluctuations[6]. Assuming that the basis set is already in such a form that

these shifting terms are included in the energy eigenvalue terms,

(3.27)

On similar lines,

(3.28)

Substituting these in equation 3.22, we get

(3.29)

(3.30)



This returns equations identical to the equations 3.1-3.4, which have been already

solved. As expected, there is no coupling between the decay terms, which would have

indicated an interference between the spontaneous emission modes. In other words

Harris-Imamoglu type of interference effects are absent in the Y system.

In conclusion, the pump field Ep interacts with levels |2), |3) and |4) to form dressed

states |^i) , ^2) and |\J/3) with eigenenergies - a , 0 and a respectively. The probe

beam is resonant with transitions between level |1) and the states |^ i ) , \^-i) and |#:i)

for detlinings A = - a , 0 and a in that order. For such a situation, equation (3.13)

leads to

Chapter III. Dressed state analysii

On similar lines,
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(3.31)

(3.32)
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effects leading to transparency [7, 11, 12], transparency in Y is induced due to absence

of the coupling level |2) in the superposition state |\P2).
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and that for the coherence terms are

Equations 3.44, 3.45 show that the time evolution of amplitudes C5 and C6 are

coupled to each other. The population terms in turn (3.46) are coupled to the cross

coherences C$CQ and CQC?. Since loss of population is assumed to be only due to the

interaction of probe beam, equations 3.46 represent the probe absorption behaviour.

Which means that the absorption of probe between levels |5) <-*• |7) and |6) <-> |8) are

affected by the coherence between the ground states |5) and |6). Such a coupling of

coherences was not seen in the approximate analytical solution of the density matrix for

probe absorption which was obtained in previous chapter. This is due to the fact that

the zeroth order coherence p^ there is assumed to be zero and the probe absorption is

calculated only upto first order in probe beam amplitude.

Effect of this coherence revealed in 3.46 on the probe absorption is a subject of

study of the next chapter. For the present, such coherences are assumed zero and

only the factors 0s and <$>§ are taken into account. Under such assumption, the probe

absorption, which is equivalent to loss of population from ground states is given by the

equations

which leads to

(3.47)
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(3.48)

3.3.2 Dressed State picture
Operating a transformation on all the factors as C ; = Cjexp(iAs£); j — 5,6,7,8,9,

the equations 3.34-3.38 become,

and

(3.50)
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Equation 3.49 is written in the form,
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Solving the two equations of 3.55 simultaneously,



Chapter III. Dressed state analysis 67

and

(3.60)

which are similar ro those of 3.46, but with coefficients O which appear to be different

from the coefficients o of 3.46. But a numerical plot of the coefficients 0 with respect

to the detuning A shows that they are identical. These values are plotted in figure 3.2

along with the plots of 05 and <̂ 6, which overlap perfectly.

3.3.3 Interference between Spontaneous emission pathways

As in the case of Y system, interference between spontaneous emission modes is in-

vestigated for the Gate system also. State vectors are taken to be combination of

bare atomic states and associated photon modes. A closed set of degenerate states are

considered,

These two equations are similar to those of 3.46. The evolutions of populations of

ground states are then given by two equations, using,
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The Hamiltonian is written as

Where, e^ is the polarization vector of photon ka, V is the normalization volume, eo

is the permitivity of free space, q is the electronic charge.

(3.62)

Uj is the energy eigenvalue of j t h level in angular frequency. klax denote the spon-

taneous emission photon of the ith mode, with momentum k% and polarity at. AT4<74

and k5cr5 are of different polarization states. afc.ff. denotes annihilation operator for

spontaneous emission photon of ith mode and afci(7., its creation operator. a\ and akL

are creation and annihilation operator for the strong laser and subscript kp denote the

same for the probe beam. The factor g^ are given by the relation[10],

The equations after the unitary transformations are
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And for each mode &,<7i;

(3.63)

Solving for each ak equation in the long time limit[8],

(3.64)

The amplitude C$ is assumed to vary slowly within the time scale considered. On

similar lines, the other equations lead to

(3.65)
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Assuming the shift due to fluctuations ip/Ai;- are already included in the energy

eigenvalues, and denoting

for n = 3. 4, 5 and i,j — 5, 6, 7, 8, 9, the equations 3.62 become

These equations are identical to equations 3.34-3.38, whose solutions have already

been presented. There is no coherence coupling generated by vacuum fields between

the decay terms. This shows that there are no Harris-Imamoglu type of interference

effects in Gate system.

Summarizing the results of Gate system, the pump beam forms 'Dressed states'

out of levels |7), |9) and |8) in the form shown in (3.52). The new levels #/ , \P//, and

^/// are shifted from their original energy levels by amount - a , 0 and a respectively.

The probe beam connects both |5) and |6) to levels #/, VP// and ^/// respectively for

detunings A = —a, 0 and a. Since |7) and |8) have components in all the three dressed

states, the transition probability for all three states from |5) and |6) is nonzero, in other

words,

(3.66)

(3.67)

(3.68)

(3.69)

(3.70)
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Therefore, all the three peaks are present and there is no transparency at zero detuning.

Even though the coherence between |7) and |8) is that of a typical CPT situation, it does

not cancel the absorption. This is due to the fact that levels |5) and |6) independently

interact with levels |7) and J8) via the probe beam. Also, the quantum interference

between spontaneous emission photons requires a condition that the two decaying levels

should have the same J and mj values [6, 5]. Dressed states had provided such a

condition in the earlier studies [7, 13). But, two decay channels |7) —> |5) and |8) —> |6)

do not interfere destructively, and this mechanism of EIT does not exist for the Gate

system. But there is an effect on probe absorption due to the coherence between the

two ground states |5) and jfl). In the subsequent chapters, the effect of this coherence

on probe absorption is investigated in detail.

3.4 Conclusion

There are two main drawbacks of the wavefunction approach, because of which density

matrix formalism is usually considered a preferred method of calculation. Firstly, in the

density matrix formalism, decay of coherence is incorporated in a more straightforward

w ŷ, as damping rates of off-diagonal elements. These dampings consist of both natural

decay of phase and decoherence due to collision. Decoherence decays are not incorpo-

rated in the calculations of this chapter. Secondly, a completeness condition is easily

imposed on a density matrix system by setting the sum of all the diagonal elements

of density matrix equal to one at all times. Such representation of a closed system is

not mathematically clear in wavefunction approach- Further, using this completeness

condition, one of the diagonal terms of density matrix can be eliminated and hence the
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equations can be solved for 'steady state' in the strict sense of the term. However, wave-

function approach results in simpler solutions and lesser number of equations to solve.

Solutions for long-time limit can be a good substitute for 'steady-state solutions'. The

advantage of wavefunction solutions lies in the 'Dressed state' analysis which clearly

depicts the superposition states formed and their interactions. For both Y and Gate

schemes, the wavefunction solutions match the density matrix solutions showing that

either approach can be employed for these two systems.

Summing up the results of this chapter, the Y and Gate systems are analysed in

the wavefunction approach and the results are compared with those obtained in density

matrix formalism. The results are found to agree with each other. The Dressed states

formed in both cases are determined and the cause of transparency in case of Y and

lack of a complete transparency in case of Gate is clearly shown. At zero detuning, the

Y system shows a transparency because the dressed state involved is made up of two

bare states that do not connect to the ground state via the probe beam. In the Gate

system, the dressed state involved consists of two states, such that they connect to two

different ground states and hence a cancellation of absorption does not take place. A

rigorous derivation of spontaneous emission decay shows that Quantum Interference

between spontaneous emission pathways is not observed in either Y or Gate system.

The coherences between ground states is seen to significantly affect the behaviour of

system in the Gate system, which will be discussed in detail in the next chapter.

The validity of different approximations used is established by the fact that the three

approaches, viz, density matrix, bare state wavefunctions and the dressed states show

exactly identical behaviour.







References

[1] C. Cohen-Tannoudji, Frontiers in Laser Spectroscopy, Vol I , ed:-R. Balian, S.
Haroche and S. Liberman, North Holland, pp 17 (1977); R. M. Whitely and C. R.
Sroud Jr. Phys. Rev. A 14, 1498 (1976); C. Cohen-Tannoudji and S. Reynaud. J.
Phys. B 10, 345 (1977)

[2] P. R. Bermen, Phys. Rev. A 53, 2627. (1996); P. R. Bermen and R. Salomaa,
Phys. Rev. A 25, 2667 (1982)

[3] M. Sargent III, M. O. Scully and W. E. Lamb Jr. Laser Physics, Addison Wesley.
Mass. (1974) pp 23.

[4] E. Arimondo, Progress in Optics, XXXV, ed: E. Wolf, Elsevier 1996. pp 259

[5] S. E. Harris, Phys. Rev. Lett. 62, 1033(1989)

[6] A. Imamoglu Phys. Rev. A 40, 2835 (1989)

[7] Y-q Li and M. Xiao, Phys. Rev. A 51, 4959 (1995)

[8] W.Heitler,The Quantum Theory of Radiation, Clarendon, Oxford, (1954), pp
6S

[9] M. 0. Scully and M. S. Zubairy Quantum Optics, Cambridge Univeristy Press
(1997), pp 206

[10] R. Loudon, The Quantum Theory of Light, Claredon, Oxford, (1988) pp 174

[11] A. S. Zibrov, M. D. Lukin, D. E. Nikonov, L. Holleberg, M. O. Scully, V. L.
Velichansky and H. G. Robinson, Phys. Rev. Lett. 75, 1499 (1995)

[12] P. T. H. Fisk, H. -A. Bachor and R. J. Sandeman Phys. Rev A 33 2418 (1986);
ibid 2424; ibid A 34 4762 (1986)

[13] M. Fleischhauer, C. H. Keitel, L. M. Narducci, M. O. Scully, S. -Y. Zhu, M. S.
Zubairy, Opt. Comm 94, 599 (1992)

73



References

[1] C. Cohen-Tannoudj i , Frontiers in Laser Spectroscopy, Vol I , ed:-R. Bal ian, S.
Haroche a n d S. L ibe rman , N o r t h Holland, pp 17 (1977); R. M. W h i t e l y and C. R.
Sroud Jr . Phys . Rev. A 14 , 1498 (1976); C. Co hen-Tannoudj i and S. Reynaud , J.
Phys . B 10 , 345 (1977)

[2] P. R. Be rmen , Phys . Rev. A 5 3 , 2627, (1996); P. R. B e r m e n a n d R. Salornaa,
Phys. Rev. A 2 5 , 2667 (1982)

[3] M. Sargent III , M. O. Scully and W. E. Lamb Jr. Laser Physics, Addison Wesley,
Mass. (1974) pp 23.

[4] E. Ar imondo , Progress in Optics. X X X V , ed: E. Wolf, Elsevier 1996, pp 259

[5] S. E. Harr i s , Phys . Rev. Let t . 6 2 , 1033(1989)

[6] A. Imamoglu Phys . Rev. A 4 0 , 2835 (1989)

[7] Y-q Li and M. Xiao, Phys . Rev. A 5 1 , 4959 (1995)

[8] W.Heitler,The Quantum Theory of Radiation, Clarendon, Oxford, (1954), pp
68

[9] M. 0. Scully and M. S. Zubairy Quantum Optics, Cambridge Univeristy Press
(1997), pp 206

[10] R. Loudon, The Quantum Theory of Light, Claredon, Oxford, (1988) pp 174

[11] A. S. Zibrov, M. D. Lukin, D. E. Nikonov, L. Holleberg, M. O. Scully, V. L.
Velichansky and H. G. Robinson, Phys. Rev. Lett. 75, 1499 (1995)

[12] P. T. H. Fisk, H. -A. Bachor and R. J. Sandeman Phys. Rev A 33 2418 (1986);
ibid 2424; ibid A 34 4762 (1986)

[13] M. Fleischhauer, C. H. Keitel, L. M. Narducci, M. O. Scully, S. -Y. Zhu, M. S.
Zubairy, Opt. Comm 94, 599 (1992)



Chapter IV

Groundstate Coherences

The effect of injected atomic ground state coherences in Gate system

on the probe absorption is discussed. The coherence is created externally

between two ground states of Gate, |5) and |6), and its effect on probe ab-

sorption is studied. At the limiting values, the maximum positive coherence

is seen to enhance the transparency while the negative coherence annuls the

effect of transparency. The concept of Coherent Population Trapped (CPT)

states is discussed in view of this result and an interaction between the two

CPT states is shown to be possible.

In previous chapters, the coherences that modify the probe absorption were con-

stantly created by the strong laser beam. Instead, the atomic system can be prepared

with a definite coherence and the probe laser interacts with such atoms [1, 2]. On

similar lines, we present a study of Gate configuration, where the two ground states

5) and |6) are prepared in a superposition state prior to the interaction with the pump

and the probe beam. Effect of such 'injected coherence', which acts in addition to the

coherence generated by the pump beams is analysed in this chapter. It is assumed

that the injected coherence is not destroyed during the interaction with the probe and

pump beams. This additional coherence is seen to either enhance or destroy the trans-

parency. In Chapter V, such coherences are seen to result from a detuned interaction

of the pump beam on the probe transition. The results of this chapter form a basis on

74
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which the results of Chapter V can be easily understood.

From the previous chapter, the probe absorption for the Gate system is obtained

from,
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to collisions or the action of pump and probe beams, equations 4.3 and 4.4 reduce to,

For coherence p56 ^ -0.5, the two sidebands disappear and only the central peak

exists, as shown in figure 4.2. This profile is a Lorentzian which is a typical absorption

profile for a two level system [4]. In absence of the pump beam the Gate system would

have been a system of two two-level configurations made up of |5) <-> |7) and 6) <-> |8).

Each of these two would have a Lorentzian absorption profile and the total absorption

would be a sum of these two Lorentzians. A coherence of C^Cl = —0.5 give this profile

in spite of the pump beams creating a superposition state of excited states |7) and |8).

Figure 4.3 shows the probe absorption profile when the coherence p56 = +0.5. Ths

central peak is absent now and only the sidebands are present. The system achieves a

complete EIT, as in case of the Y system. It can also be seen that in all these cases

the area under the curves for all the three profiles are same. The absorption is getting

redistributed into sidebands.

A straightforward explanation for this effect can be found in the 'Dressed state'

picture. It was seen in Chapter III, that the strong laser creates the 'Dressed states'
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out of levels |7), |8) and |9), and that these states have eigenenergy values 0, ±a. The

new eigenstates are related to Bare states by

(4.6)

where a2 = \g79\
2 + |#89|

2.

On resonance, when As = 0, the probe beam interacts with ^o- When coherence

P56 = 0, the two ground states |5) and |6) are independent. Therefore the absorption

is proportional to the transition probability

which reduces to

(4.7)

which reduces to

Equation (4.7) shows the origin of the central peak leading to a nonzero absorption,



Chapter W. Groundstate Coherences 78

while equation (4.8) shows the origin of the sidebands. These equations also show that

the ratio between the heights of central peak and sidebands is l / v 2 .

A nonzero coherence C--,CQ is equivalent to a superposition of ground states in the

form |5±6). The interaction of this state with #0.- will be governed by the probabilities

j^o,^|d-£|5±6)|2. When the coherence is positive, with C5Q = +0.5, the state formed

is 15 + 6) and transition probability of its interaction with \P± is given by

(4.9)

Equation (4.10) shows that the central peak is absent, while (4.9) indicates the

presence of two sidebands of equal height.

When the coherence C^C^ = -0.5 the superposition state formed is |5) — |6). Tran-

sition probability for this state interacting with the $ states are

(4.11)

Equation (4.11) shows a zero transition probability with $f± which denotes absence

(4.10)

(4-12)
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of the sidebands. A non-zero probability with \P0 in (4.12) is an indication of the central

peak.

4.1 Coupling of Non-Coupling States

This leads to the discursion on the Coherent Population Trapped (CPT) states. CPT

states are obtained when two ground states form a non-coupling superposition state

where population get trapped [5, 6, 21, 8]. In a typical A configuration two degenerate

lower states \a) and \b) interact with an upper state \c) via an EM field with equal

transition probability (a\d.E\c) = (b\d.E\c). d is the dipole moment of the transition

and E is the amplitude of the EM field that is involved. The steady state situation

of this system is a superposition state P_ = -75|a) — \b). This is a noncoupling state

because the transition probability

A superposition of the form Q+ ^ \a + b) will be a coupled state since the transition

probability is
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Though situations containing V and A have been encountered [9, 10], the interaction

between these two configurations have not been analyzed. Interaction of two superpo-

sition states thus formed can be generalized in following way.

Considering the set of superposition states formed

Then the superposition states obey dipole allowed transitions in the form

wherein the individual bare states interact via a dipole transition as

and
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(4.15)

(4.16)

In short form

In other words, two Non-Coupling states interact with each other with complete

transition. The term Non-Coupling is therefore relative, defined with respect to the

level with which the probe is trying to couple. And equations 4.15 and 4.16 define a set

of rules for quantum interference between states which are intrinsically superposition

of basis states. This property has to be incorporated while calculating the selection

rules between complex atomic or molecular states.
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If in an experiment, a n polarized light is shone onto Sodium vapour, which connects

|F~1) to |F=1) state, it brings about a Amp = 0 transition. Then, the population from

mp = +1 of S1/2 is pumped to rap = +1 of P1/2 and that from mp = — 1 to mp = — 1. A

fraction of this population that decays due to spontaneous emission to state mp = 0 of

S1/2 gets trapped and eventually, all the population is optically pumped into this state

and trapped. State mp = 0 is a natural trapped state of the atom.

4.2 Density matrix solutions

The effect of the coherence between the two ground states is evident even in the so-

lutions obtained in density matrix solutions. While deriving the analytical expression

for probe absorption in the density matrix formalism, the coherence p36 was neglected,

assuming that the zeroth order term will have an insignificant value. But, if this coher-

ence is induced externally, and assuming that the collision rate is too small to destroy

this coherence, then the effect of the coherence is seen to modify the probe absorption.
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(4.21)

(4.22)

The expression 4.23 is seen to contain two terms. The first term is same as that

°btained in Chapter II, at equations 2.20 and 2.21. The second term contains the
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And when the coherence is negative and equal to population, the expression reduces

to

which is the probe absorption for a two -level atom.

which is same as the probe absorption for a two-level atom interacting with the probe,

which is a single peaked Lorentzian. The coherence p$Q = — p£g has completely can-

celled the effect of strong laser.
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4.3 Stability of ground state coherence

A simple method of preparing the coherence between two ground states is to connect

them with a third level by a laser beam, forming a conventional A system. Suppose

the A is formed out of levels |5), |6) and |2). The laser creates a coherence p56 = -0.5,

preparing the system in a superposition state Q_ = (l/\/2)j5) — |6) which is generally

termed a CPT state [6, 8, 21]. Collisions between atoms and the walls can destroy this

coherence. A competing effect between coherence creation by the laser and a coherence

destruction by collisional damping can be verified. Steady state value for the coherence

p56 can is examined as a function of collisional damping. The relevant set of equations,

in the matrix form is

and

Where,

(4.25)



Solving equation (4.25) for steady state, the value of p^ can be obtained. 765 is

the collisional damping rate. This damping is caused either by collisions between two

atoms of similar type or by collision with the wall. The rate can be controled in a

vapour cell. Atom-atom collisions are controlled by the density of atoms inside the

cell and atom-wall collision can be controlled by introducing a buffer gas. Figures 4.4

and 4.5 show the variation of p56 with collisional damping. Real and imaginary part

of p56 is plotted in figures 4.4 (a) and (b) respectively for a value of #25 = #26 = 0.2,

which is a weak beam. Different curves correspond to different detunings. It is seen

that as detuning increases, very small collisions destroy the coherence pr,6 and its value

decreases to zero rapidly. Figure 4.5 (a) and 4.5 (b) show real and imaginary part of

p-£ for (725 — 926 — 6.0 which is a strong beam. Here, the collisions do not destroy the

coherence so easily. It takes a stronger collisional damping or more collisions, to spoil

the coherence. All parameters are normalized to spontaneous emission decay 7 as in

the previous cases.

4.4 Conclusion

Effect of coherences between ground states of the Gate system, viz., |5) and |6) on

probe absorption is presented. It is seen that the for a maximum value, the coherence

Chapter IV. Groundstate Coherences

Where,
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(4.26)

(4.27)

(4.28)

(4.29)
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Chapter V

Configurations in Real atomic systems

Examples of real atomic systems where Gate and Y configurations can

be formed are presented. Three configurations using hyperfine atomic levels

of Sodium are discussed; one configuration forms only a Gate system; an-

other configuration is a combination of single Gate and a single Y and the

third system invoicing many levels can be decomposed into combination of

Gate-like and Y-like systems. The behaviour of these systems is shown to

be similar to that of Gate and Y. A possibility is examined where the strong

pump beam acting off-resonant on the probe transition creates additional co-

herences. The effect of such coherences on the probe absorption is presented.

It is shown that such an effect leads to a complete transparency of the Gate

system.

Experiments to achieve both EIT and LWI have been performed using atomic

vapours of Sodium [1, 2, 3, 4], Rubidium [5, 6], Lead [7, 8] and Cesium [9]. In spite

of complex energy levels of these atoms, the mechanism behind EIT and LWI in these

systems are identified as identical to the mechanism in ladder, A and V configura-

tions which in turn, have been well understood as model systems [10, 11, 12, 13]. The

following configurations can similarly be decomposed into Gate and Y.
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5.1 Case I: F = l -> F = l -> F " = l

A simple ladder configuration involving multiple sublevels is an example to be examined

(see figure 5.1 for notation and nomenclature). For definiteness, let the energy levels

involved be F= l of Si/2 , F '=l of P1/2 and F"=l of Di/2 of a Sodium atom, denoted

as F, F' and F" respectively. Each of these levels is a triplet made up of mF=-l, 0

and 4-1. Considering the polarizations of the resonantly interacting radiations, a closer

analysis brings out several possibilities in this level scheme. For example, it is well

known that a TT polarized light will bring about a Amp=0 transition and a~ light will

bring about a Am.F=±l transition among the atomic energy levels. Which means, that

if an unpolarized radiation, which is a sum of all possible polarizations were to be used,

at each stage, it will connect all transitions involving AniF=-l,0,4-l. Thus, all possible

transitions will he connected between mp subievels of each stage of transition between

F=l <->F'=l *-+F"=l levels shown in figure 5.1. This is a complicated situation and an

analysis in terms of three level systems is not very illuminating.

Simplifying the analysis, let light of a definite polarizations be used. In particular

rhe probe beam be assumed to be n polarized, which connects Amp=0 transition only.

If the pump beam is also TT polarized then the configuration may be viewed as a set of

two ladders (figure 5.2 (a)). On the other hand when the pump beam is plane polarized

in xy plane, it can be analysed as a sum of cr+ and <7_ beams, which causes a AniF=±l

transition. The configuration now is as shown in figure 5.2 (b). Here, the energy levels

are numbered 1,2,... 9 in the order shown for the sake of convenience.The probe beam

connects transition |5) <->|7) and |6) <->|8) • The transition between |1) and |2) is

forbidden because of their niF=0 values. This is now a Gate configuration made up

of levels |5) «->|7) <-+|9) <-*|8) *->|6). Note that, the coherences between levels |3), |4)
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and |2) do not affect the coherences between levels |7) , j8) and |9). Behaviour of this

system can be taken to be same as that of the Gate configuration discussed in earlier

chapters.

However, one problem that troubles a study of this nine level configuration is that

the state |1) acquires population by spontaneous emission and it does not leak out. The

K polarized probe beam does not transfer this population to other levels. As explained

in the previous chapter, the state |1) , with an mp^O, is a natural trapping state of

the system. Collisional processes can however transfer population from |1) to |5) and

|6)- Or an external pumping process, which can pur^P population out of level |1) and

redistribute between levels |5) and |6) can be us^d. To ensure that this does not

create any additional coherences, an incoherent beam can be used for such repumping

processes.

Another point to be noted here is that the dipole matrix elements of the two legs

of the Gate are of opposite signs. In other words, (5|d.£|7) = —(6\d.£\&)§. This sign

difference occurs due to the Clebsch-Gordon coefficients for the mp=±l sublevels .̂ In

the model Gate configuration studied in earlier chapters, the two dipole transitions

were assumed to be of the same sign. This difference does not alter the probe absorption

behaviour when there does not exist any coherence between levels |5) and |6). In such

situations, the levels |5) and |6) independently probe the coherence developed by the

pump beam between levels |7) and |8). However, when a coherence exists between levels

15) and |6) , as in the case of 'injected coherences' dealt in Chapter IV, the difference

in the signs of dipole matrix elements does matter. For instance, the rules (4.17) of



Chapter V. Configurations in Real atomic systems 94

transition between superposition states, which were discussed in previous chapter, will

be modified. The transition between a state of Q_ type to a state of P_ type will be

an allowed transition but to a state of P+ type will not be allowed as:

Consider the situation when the ground level is an F=2 state of Sj/o level, while the

upper two levels are F' = l states of P1/2 and F"=l of D1/2 respectively. This configu-

ration, which is shown in figure 5.2, consists of five ground state subievels interacting

with three subievels of F'=l of Pi/2 (See figure 5.2 for labeling of states). Here, |1)

<-+|2) transition is allowed". Therefore, the Y configuration formed by |1) , |2) , |3)

and |4) coexists with the Gate configuration formed by levels |5) , |6) , |7) , |8) and

J9). Levels |5') and |6') do not contribute to coherence developed in the system. Their

participation in the dynamics is limited to their trapping the population which they

receive by spontaneous emission processes. Therefore, this configuration is equivalent

See Appendix C

This is because

(b\d£\7) = -(6\d£\8)

On similar lines the state |5) -f |6) has a nonzero transition probability for a transition

to 17) + 18) and a zero transition probability for a transition to |7) - |8). The effect

of this change becomes relevant in the section 5.4 of this chapter where the coherences

between ground states created by the pump beam is taken into account.

(5.1)



Chapter V. Configurations in Real atomic systems 95

to strictly the Y configuration that was discussed in Chapters II and III. Further, the

Gate and Y systems in Figure 5.2 are uncoupled by any coherent transition. The only

coupling between these two configurations is by spontaneous emission channels which

transfer population from levels of Gate to those of Y and vice versa. These transitions

do not create any coherences in steady state between the levels of Gate and Y.

The population that gets trapped in states |5') and |6') or in the states of F=l can

be repumped back into the configuration using incoherent pumping processes.

5.3 Case III: F = l and F = 2 H F ' = 2 <->F''^1

This configuration is a modification of an earlier study [3] wherein F= l and F=2 of

S1/2 with F'=2 of Pi/2 were only involved. Here, F"=2 of D]/2 is also used with a

strong pump laser connecting transitions between IBF levels of P]/2 and Dly/2 . This

pump beam is plane polarized in xy plane and hence connects Amp=±l transition.

The probe beam is made up of cr~ and a' lights as was the case in reference [3]. This

configuration is shown in figure 5.3. From Schrodinger equation, idtib = 7Y-</>, equations

are obtained for each coefficient 'C1 as (See figure 5.3 for notations),
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(5-2)
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(5.4)

(5.5)

(5.6)
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And for the other set absorption can be determined from the equations,
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Figure 5.4 shows the behaviour of absorption determined from the coefficients of

equations dt\Cx\ — /(A)|C»| , for variation of detuning A. A here denotes the probe

detuning involving all the probe transitions. Since multiple, degenerate levels will

have the same detuning with the probe beam, the subscripts of A are dropped in this

notation. In equations 5.3-5.6 and 5.7-5.9, the adiabatic elimination similar to the one

used in Chapter III is used. The cross coherence factors which affect these absorption

profiles are assumed to be zero for the present. The figure 5.4a shows the loss of

population from levels J63) and I64). It indicates presence of two sets of sidebands with

a zero absorption at the line center. Population loss from state |5a) shows a similar

behaviour (figure 5.4 b). Population loss from states |5i) and I62) (figure 5.4 c) and,

|6i) and |52) (figure 5.4 d) on the other hand shows a central absorption band along

with the four sidebands. Figure 5.4e shows total absorption, which is a sum of all these

absorptions.

Without going deeper into the discussion of these results one observes from these

graphs that the configuration in figure 5.3 can be broken into Gate like and Y like

subconfigurations. Results from Chapters II and III show that a Y system has a
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transparent window at A = 0, while a Gate configuration shows a reduced but finite

absorption for A = 0. Extending that argument, the configuration formed by the levels

I63), |64) and (53) can be judged as a combination of Y systems and the configuration

formed by levels |5i), |52), |6i) and |62) can be judged a combination of Gate systems.

From the figures in 5.4, all the coupled Y systems having a zero absorption at A =: 0,

while the coupled Gates have an absorption peak at A = 0.

The fact to be noted is that, the configuration |5.-j) - |73) - |93) — |82) - |6) appears

to be a candidate for a Gate . But, it is a combination of two Y systems formed out of

|94> - |73> - |53) - |93) and |95) - |82) - (|63), |64)> - |95), coupled at |93>. Tliis leads to an

absorption profile which has a zero at resonance. Similarly, |92) - |7i) — |62) — |9i) does

not form a Y configuration. It consists of two Gates |52) - |72) - |92) - (|5i), |62)) and

(|5i), |62)) — ITi) — |9i) — |8i) —|Qj). Thus, it gives a profile which has a nonzero absorption

on resonance. Also, absorption from levels |63) and |64) are identical (figure 5.4 (a)).

Absorption from levels |5i) and |62) are identical and so are absorption from levels |6i)

and |52). This shows that the coherence effect affecting these absorption profiles are

identical. This identity is obviously lost if the difference in oscillator strengths between

these transitions are taken into account. Because the values of oscillator strengths

between F = l «->F=l transitions are different from those for F^2 <->F=l transition, the

absorption profiles will numerically be different. But the modifications to absorption

profiles are caused by similar configurations for both levels of a pair. Therefore, the

profiles should differ only numerically while the shape remains identical.

Summing up the above discusssion, it can be stated that configurations which ap--

pear to be Gate -like and Y -like, behave like Gate and Y . All Y -like systems show

a complete transparency at resonance, while all Gate -like systems show a reduced



Chapter V. Configurations in Real atomic systems 101

but nonzero absorption on resonance. In either cases, sidebands of absorption profiles

show the eigenenergies of the Dressed states. Effect of externally caused coherence

between different levels will be identical to the effects discussed in previous chapter.

But as the equations show, there are more than one set of levels interconnected and

the coherence between all of them have to be prepared before any significant difference

to the absorption profile is achieved.

5.4.1 Bichromatic approach

While analyzing a multi-level atomic system interacting with more than one field, it is

usually assumed that each field interacts only with resonant transition. In other words,

the pump beam is assumed to act only on pump transition and the probe beam only

on probe transition. For a transition between levels \a) and \b) in an atom brought

about by an electromagnetic field, the effective coupling factor with electromagnetic

field is \dab-E\2/Aab, where dab is the dipole moment of the transition and Aab, the

detuning. When the detuning Aab is large, this factor becomes negligibly small for weak

fields. In a far detuned situation, the action of an electromagnetic can be neglected

[14]. If the beam is strong, the factor \dab.E\2/Aab can be significant even for large

detunings and its effect has to be considered. In particular the action of the strong

pump beam even when off-resonance on the probe beam transition can create additional

coherences which can modify the probe absorption behaviour. A study of such action

is particularly valid for atomic systems where the pump and probe beams are not very

different in their frequencies. In the example of Sodium, which is considered here, the

probe beam is of 5986 A and the pump beam is of a frequency of 5960 A and hence
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the contribution of the pump beam on the probe beam transition (and vice versa) can

be very significant. In this section an example of such an analysis is presented for the

J?—! <_>F'=1 <->F"=l case where the off resonant action of the pump beam on probe

transition and that of probe beam on pump transition is also taken into account to

solve for the probe absorption. We will see that the contribution of probe beam action

on the pump transition is very small since it is a weak field. But the pump beam

creates additional coherences on probe transitions which lead to the modifications of

the probe absorption. However, the action of two electromagnetic fields of different

frequencies on same transition leads to a modification of the mathematical procedure

in applying the rotating wave approximation. This modification is required as operating

the rotation transformation in either of the frequency frames will not completely render

the hamiltonian time independent. A bichromatic field approach is used in the following

which is a non-perturbative analysis to obtain solutions for the probe absorption. We

also analyse the dressed states of the system and show that the results obtained are

in agreement with the results of Chapter IV, where the effect of additional coherences

w§re discussed.

Figure 5.5 shows the configuration where both the pump and the probe beams are

interacting simultaneously with both types of transitions. The thick lines represent

interaction of the pump beams and the thin lines are for interaction of probe beams.

The total Hamiltonian for this system, in ft = 1 units is taken to be
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Ui, i = 1, 2 , . . . , 9 are the energy values of level i, in angular frequencies. Note in

this configuration the level |1) does not behave as a trapping state as the population

in it can leak out due to the pump beam.

The Liouville equation for the dynamics of the density matrix is written in the usual

manner as

Ap contains the decay terms that follow the master equation

Physically, this corresponds to the lower transitions of |7), I8) a n d I2) with |5), |6) and

|1> being resonant with the probe beam at frequency u>?» and the upper transitions

The Rotating Wave Transformation (RWT) is operated on the resulting equations

by denoting

(5.10)
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of |3) , |4) and |9) with |7) .|8) and |2) being resonant with the pump beam at

frequency ui. The detunings are denoted as



Chapter V. Configurations in Real atomic systems

Now setting the time derivative to zero for calculating the steady state solution of

5.12 is invalid since the right hand side contains time dependent terms. In the modified

picture, the vector p is written as a series,
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for m = 0, 1, 2, 3.

This gives the result,

Where

where N — 0 .1 ,2 ,3 , . . . Similarly, for m<0.

(5.18)

(5.19)
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respect to the probe transition, are used for these calculations. The pump beam which

is resonant with F '=l <->F"=l transition can not be in resonance with the F=l <->F'=l

transition also because the energy level structure in normal atoms is not equidistant.

Conforming to normal atomic energy structure, A/, = 0 case is not considered. The

numerical results are thus obtained for values A/, = 10,50,100,150,200 and 500 in that

order. The plots in Figure 5.6 are for zero collision damping. Plots in Figure 5.7 are

for a collision damping rate of 0.5.

Figures 5.6 (a) and (b) show three absorption peaks for all these values of AL. The

peaks are labeled I, II and III. The peak spectrum is asymmetric, but as the detuning A/,

is increased, the peaks labeled I and II approach a symmetric position about Ap = 0

point as seen in figure 5.6 (b). There is a clear transparency at Ap = 0 for larger

detunings though, as seen in figure 5.6 (a), an absorption peak II is just off the Ap = 0

point. In section 5.1 of this chapter, the case F=l <->F'=l <->F"=l was shown to be a

Gate system. This configuration then should have shown a three peaked absorption

spectrum with an absorption peak at the line center as discussed in Chapter II. But

this absorption peak is missing in figure 5.6. As the detailed analysis presented in rest

of this chapter shows, the absence of the central peak is due to additional coherences

generated by the pump beam on F=l +->F'=1 transition.

Figures 5.7 (a) and (b) reiterate the results of figure 5.6. The effect of a finite

collision damping rate is clearly seen as an increase in the width of all absorption

peaks. The peaks labeled I, II and III occupy the same frequency position as in figure

5.6 but a new peak of sufficiently high magnitude is seen here which is labeled 'C\ The

source of this peak is better explained in the dressed atom picture, which is discussed

in the section 5.4.2 of this chapter.
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Extending the arguments followed in Chapter II for the transparency effect induced

by the coherences, the dynamical equation for p75 is written as

The first term on the RHS of the above equation represents the purely two-level atom

behaviour, controlled only by the population in the levels |5) and |7) . The second term

is the effect of the coherence with a third level |9) , which, under suitable conditions

cancels the effect of the first term leading to a transparency. But for the Gate system,

it was shown in Chapter II, that this term is of a magnitude less than the magnitude

required to cancel the central absorption peak. Therefore, the residual absorption in

line center had resulted in a three peaked absorption profile (See figure 2.8d).

Equation 5.25 is similar to 5.26 but shows additional coherence terms that modify

the Lorentzian profile of pn ~ #55- In all there are four such coherence terms, viz, p9%
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which was present in the Gate configuration and the three new terms p15, p35 and P72.

These terms are readily seen as contributions from various three level configurations

that the pump and probe beams form in connection with the two level transition |5)

<-*|7) . That is, the term p15 is the coherence term of the A system formed with |5) ,

17) and |1) ; p35 is the contribution of the ladder |5) *-» |7) <-> |3) ; P95 is the coherence

term of the ladder |5) *-+ |7) <-> |9) and finally P72 is the coherence term of the V system

formed from |5) , |7) and |2). The three level configurations of A, ladder (E) and V,

which were studied in the past in the context of EIT, are present in this configuration

simultaneously.

On similar lines, the other leg of the probe absorption p86 can be shown to follow

equation

This shows that the absorption of probe between levels |6) and |8) is modified by

four coherence terms, viz., pi6, which is a coherence due to the A configuration formed

out of |6) , |8) and jl), p.J6, which is a coherence term of the ladder |6) *->|8) <-»|4),

p% of the ladder of |6) , |8) and |9) and p82, which is the coherence term of the V

system of |6> , |8> and |2) .

Figure 5.6.1 shows individual factors that make up the p^ leg of the probe absorp-

tion. The plots marked a, b, c, d and e show respectively
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Plot f shows the sum of all these factors at A^ = 10.0. Figure 5.6.2 show behaviour

of these factors for A^ — 50.0. Figures 5.6.3, figure 5.6.4, figure 5.6.5 and figure 5.6.6

show the variation of these factors for A^ = 100,150,200 and 500 respectively.

Factor C is a contribution from the population difference pn - p55 which results

in the absorption peak at the line center Ap =# 0. The central peak of the factor

D — Im [P95 /[A75 - 2(77 + 75)]] is equal to and opposite in sign to the peak of C and

thus cancels it. This is in contrast to the case of isolated Gate system where the

Im /% /[A75 — 2(77 + 75)] factor was not of sufficient magnitude to cancel the central

absorption peak completely (See figure 2.8 d)> The remaining two sidebands coming

from factor D can be identified as the peaks numbered I and II of figure 5.6 (a).

Peak number III is a contribution from the coherence A = Im \p\l /[A75 - 2(77 + 75)] .

Factors B and E are very small in magnitude to affect the values of other factors in any

way. The behaviour of the pm part of the absorption can be understood in an identical

fashion.

A further breakup of factors A, B, D and E into its constituent parts shows the

structure of these factors. Contributions from their Real parts and Imaginary parts

can separately be looked into. Figure 5.6.A shows these factors for an example case of

AL = 100.0. For other detunings, these factors show a similar behaviour.
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At the position Ap = AL, both the probe and pump beams are detuned equally from

the F=l <->F'=l transition. Since both beams are detuned the population is distributed

mostly in the three ground states |5) , |6) and |1) . As the population in states of F '=l

is very negligible, the transition F'=l <-*F"=l can be neglected. The configuration can

then .be seen as a sixlevel configuration involving only F= l <->F'=l transition. The

solutions for this configuration show that the pump and probe beam together develop

coherences between the ground states to form a three-component superposition state,

which leads to a very narrow absorption peak. This has been identified as a three

component trapped state [15].
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To analyse the nature of the superposition states that are formed due to the pump

beam, the dressed state picture is next made use of.

5.4.2 Dressed State analysis

For a further understanding of the coherence developed by the pump beams, an anal-

ysis is presented in the dressed state picture, where the pump beam creates the coher-

ent superposition states. All transitions connected by the pump beam are considered

including the off-resonant coupling of the lower transitions. Figure 5.8 shows the con-

figuration with only the pump beams which resonantly interact with upper six levels

and act off-resonant on lower six levels. This system can be decoupled into two sub-

configurations named X and Diamond after their shapes. Figure 5.9(a) shows the X

configuration and figure 5.9 (b) shows the Diamond configuration. It is seen that the

probe beam connects levels of X to levels of Diamond and vice versa. Therefore, the

probe absorption behaviour is determined by the allowed transitions between the states

of X and Diamond. On the other hand, the total configuration can also be analysed

as a combination of a double A and a double V, where the A formed out of levels |5> ,

2) and |6) interacts with the A I7) > 19) and |8) through the probe beams and the

V system of |7) , |1) and |8) interact with that of |3) , |2) and |4> through probe

beams. It is shown here that as A^ is increased, the X and Diamond picture goes closer

to double A and double V picture.

The Hamiltonian for the X- configuration is
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Numerical values of eigenenergies of this hamiltonian is shown in figure 5.10 (b) for

The diamond system has a hamiltonian
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From the numerical values, the eigenvectors of X and Diamond configurations can

be constructed as

(5.30)

where x%3 and dj; are coefficients whose value depends upon AL and the pump beam

intensity.

Extending the selection rules for transitions between superposition states (4.17)

of Chapter IV, and its modification due to signs of dipole matrix elements (5.1), the

allowed transitions for the probe beam for the full nine-level system can be represented

as

(5.31)
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where each side of double arrow represents a part of the superposition that occurs in

the eigenvalues of X and Diamond.

From the rules (5.31), the nonzero transitions are found to be X± <-+ ^1,3,4 and

1̂,2,3,5 <-* Az- All other transitions have a zero transition probability. The state Xt is a

state of the form |5) - |6) state. This is a trapping state and in the absence of the probe

beam, all the population is trapped in this state. Collisions transfer population from

this to other ground states, notable to X5 which is a state of lower energy [16]. For a

zero collision condition, which is shown in figure 5.6 (a) and (b), the strong absorption

signals then are for transitions between J\T4 <-> D\x^ The three absorption peaks shown

in figure 5.6 (a) and (b) should then correspond to three transitions X4 <-> D\, XA «-• Z)3

and A"4 <-> D4. Table 5.1 shows the Ap values corresponding to each X4 <-> Dx transition,

according to (5.29) where i = 1, 3, 4. The absorption peaks numbered I, II and III

in figure 5.6 (a) and (b) are seen to exactly match these frequencies. This leads to the

conclusion that the three peaks correspond to the transitions

In presence of collisions, population is transferred to other lower states from X4, and

the probe beam absorption should show transitions from these states of X to allowed

states of D. Absorption profiles in presence of a collisional damping 7C = 0.5 is shown in

figures 5.7 (a) and (b) for the same values of A/, that was used for figures 5.6. But this
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Table 5.1:

Table 5.2:

shows only one additional absorption peak which is labeled 'c\ This should then be

due to the fact that the maximum transfer of population due to collision is to the state

X.j, which is of energy lower than that of X\. This additional line 'c' is then identified

to correspond to transition X$ <-> D2. Contributions from other levels are very little.

The position of the peak labeled 'c' corresponds to the frequency of transition between

X5 and D2, which is shown in table 5.2.

Position of the peaks numbered I, II and III are the same as for zero collision.
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5.4.3 Double A and Double V configurations

This nine level configuration can be analysed in a manner shown in figure 5.5 (b), taking

note of the two-photon resonances between levels of F=l and F"=l. This configuration

can be divided into double A and double V subconfigurations. Levels |5) , |2) , |6) and

levels |7> . |9) , |8> form the two A systems and levels |1) , |7> , |8) and levels |3),

|2), |A) form the two V configurations. Levels |7) and |8) that take part in double V

scheme and the level |2) that forms a part of double A scheme are virtual levels. It can

be seen that as A/, increases, the distance between the real |7) , |8) and |2) and their

virtual counter parts increase and the double A and double V configurations become

less and less coupled. Therefore, approximation of double A and double V picture is

more appropriate in large A/, regime. It can be shown that this picture, in the large

AL domain gives the two symmetric peaks I and II.

For the double A case, the lower A forms three eigenstates,
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Numerical values of Xij and dx] show that for larger A/,, the eigenstates of X and

Diamond configuration slowly approach eigenvalues of A and V, and the absorption

peaks, as shown for A L = 500.0, approach Ap = ±a. But the double A and double V

picture does not explain the presence of peak III.
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At Ap — 0, the maximum contribution to absorption should have been from the

resonant transition X4 = 0.707(|5) - |6)) <-> D2 = 0.707(|7) - |8». From the transition

rules 5.1 it can be seen that this transition probability is zero due to quantum interfer-

ence. Therefore, this configuration shows a transparency at Ap = 0. Since the detuned

action of pump beam on the probe transition was neglected in obtaining the solutions

of the model Gate system in the previous chapters, the cancellation of absorption

which is shown here is not seen. Only the non-perturbative approach used here leads

to the effect. The fact the transparency at line center is achieved due to formation of

the coherence superposition of the ground states also is in accordance with the results

of Chapter IV. Whereas the atoms were prepared in the required superposition state

before they interacted with the pump and probe beams, the necessary coherence is

created here by the action of the pump beam on the F=l *->F'=l transition. Since this

coherence is destroyed by collisional dampings and therefore, a measure of transparency

can be used to determine the collisional decay rates.

5.4.4 Conclusion

Three configurations in Sodium -like atomic systems are discussed where Y and Gate

configurations can be realized. A complex configuration is seen to be made up of Gate-

like and Y-like subsystems and the absorption behaviour of this system is seen to be a

summation of individual Gate-like and Y-like subsystems. Off-resonant behaviour of

the pump beam on the probe transition is studied using a continued fraction technique

for F = l <->F'=l «->F"=l. The results show that the pump beam can create the coher-

ence necessary to reduce the central absorption peak of the system which is otherwise
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a Gate system. As collisions destroy the coherence created by the pump beam, the

absorption profile is a three peaked signature of the Gate configuration.





Fig. 5.2 (b); Figure showing the mF sublevels of figure 5.1 and
the dipole allowed transitions between them, for
strong beam being plane polarized in xy plane.
Scheme 5-7-9-8-6 forms a Gate configuration.
Transition between 1-2 is not allowed.



F i g . 5 .2 (c) !Configuration using F=2 of ground level with
F=l of P1/2 and D3/2 levels. Polarization of
beams is as in figure 5.2 (b). 1-2 transition is
now allowed and therefore, scheme 5-7-9-8-6
forms a Gate and scheme 1-2-3-4 forms a Y
system.



Fig. 5.3: Configuration for case III. Two lower levels are F=l and F=2 of 3S1/2. Upper
levels are F=l and F=2 levels of 3P1/2 and 4S1/2. The probe beams are made
up of two a4 and a components resonant with the transition connecting.













Fig. 5.5 (a): Complete confguration for F=l :F=1: F=l system. Thiek
lines represent Pump beams, and thin lines
represent probe beams.

Fig. 5.5 (a): Complete confguration for F=l :F=1: F=l system,
showing two-photon resonant transitions Double A and
double V systems.



Fig . 5.6 (a) : Probe absorption for AL=10.0, 50.0 and 100.0.



Fig. 5.6 (b): Probe absorption for AL=150.0, 200.0 and 500







Fig. 5 . 6 . 2 . A : Factors (a) AR (dashed lines), and (b) AL (solid lines),
(b)BR (dashed) and BL (solid), (c) DR (dashed) and
DL (solid) and (d) ER (dashed) and EL (solid). See text
for details.















Fig. 5.8 : Only the pump beams



Fig. 5.9 (b): The Diamond Configuration.
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Chapter VI

Gain without population inversion

Lasing without inversion phenomenon in Y and Gate configurations is

presented. In the Y configuration incoherent pumping of population can be

used to achieve gain since it shows a complete transparency. This mechanism

does not show a gain in the Gate system. Instead, injected atomic coherence

is shown to exhibit gain in Gate system. A combined mechanism of injected

coherence and incoherent pumping can also be used to obtain gain with the

Gate configuration. It is shown that both of these mechanisms do not involve

hidden inversion in the dressed states. Gain features of the Gate system in

real atomic system, which was discussed in Chapter V is discussed. In this

system, the additional coherences between ground states formed due to pump

beam leads to a CPT state, which shows gain when an incoherent pumping

of population is used.

Population inversion which drives the conventional lasers requires (i) Suitable pump-

ing mechanism to create inversion and (ii) states that maintain inversion till stimulated

emission starts. These constraints restrict lasing action to a few frequencies and a few

atomic/molecular media. Lasing without inversion schemes help overcome both of these

barriers. Therefore, it has attracted considerable attention in the recent past and has

been one of the extensively studied coherence induced phenomenon [1, 2, 3]

Three distinct mechanisms have been used in the past to achieve a lasing without
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population inversion. 'Hidden Inversion' schemes follow a setup where a population

inversion exists in the dressed state basis, though there is no inversion in the bare

atomic basis [4, 5]. In another method, a CPT state is first created and then some

population is pumped to excited state using an incoherent pump process. This excited

population leads to a gain in the system [2, 3]. This process does not involve a 'Hidden

inversion'. The third mechanism is a 'coherence induced gain' phenomenon. In a typical

three level case, one of the relevant dynamic equation, recalled from equation 1.3 of

Chapter I, is

Such system can show gain if contribution from from pmg can exceed that from

Pee — Pgg [l]- In this case, energy from the strong laser is transferred into the signal

beam by the medium. This effect may manifest as either difference in emission and

absorption profiles [6, 7] or as an increased susceptibility value for the signal beam

[2, 8, 9].

The first two sections of this chapter present results of LWI for model cases of Y

and Gate configurations. Incoherent pumping mechanism is used to obtain gain in Y

system and Coherence Induced Gain method for the case of Gate system. The third

section (6.3) presents a study of the real atomic system, where the pump beam acting

off-resonant on the probe transition produces the necessary coherence to create CPT

state. An incoherent population pumping produces gain in the system.
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6.1 Y configuration: incoherent pumping

Since the Y configuration exhibits a transparency at zero detuning, the obvious method

to obtain gain is to use an incoherent pumping mechanism. Rewriting the equations

for only population terms in equation 2.2 of Chapter II,

dtPu = -A12P11 + 2712p22 ~ i d2\S~pn + i dii£~*p2\

OtP22 = A12PH - 2712P22 + 2723P.33 + 2724P44 + i d2\E~P\2 ~ i ^21^»"*P21 - i dn£yP2Z
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in matrix form

Steady state solutions of the above are obtained by setting dtv = 0, and using the

relation

wh^re M denotes inverse of matrix M.

Figure 6.1 (a) shows imaginary part of p2i for an incoherent pumping parameter

A12 = 1.9. Negative value of p2\ indicates gain. Figure 6.1 (b) shows corresponding

population for levels |2) (dashed line) and |1) (solid line). It is seen that the population

of level 12) is less than that of level |1).

To analyse the results, the dressed states of the system formed are looked into.

From equation 3.13 of Chapter III, the dressed states are given by

(6.3)

It can be seen that the level |2) forms a part of only $1 and ^3. Therefore the

position of gain seen in figure 6.1 (a) can immediately be attributed to the transition

from the dressed states ^1 and $2 to level |1).

Further, equation 6.3 can be written in as
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and its conjugate as

S is the hermitian conjugate of £1

This equation leads to

where the diagonal elements of the density matrix of the dressed atom p denote

the population of the dressed states. These populations are plotted in Figure 6.1 (c).

Population of ^2 is zero. Populations of both \Pi and $3 are less than population of

level |1), showing that there is no inversion in the dressed state basis either.

Figure 6.2 (a) shows the gain profile for A12 = 2.0. Figure 6.2 (b) shows the

corresponding populations in levels |2) and |1). Though the populations cross over

at certain points, inversion does not exist for those detunings at which lasing can take

place. Population of ^1 and #3 for this case are shown in figure 6.2 (c). Population of

^2 is zero for this case as well.
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6.2 Gate configuration: injected atomic coherence

Coherence driven lasing without inversion schemes where the required coherence has

been externally achieved has been studied earlier [11]. A similar scheme can be used to

achieve gain in the Gate system, by controling the coherence between levels |5) and

|6). Since the Gate configuration shows a finite absorption at zero detuning, incoherent

pumping mechanism will not show gain.

Probe absorption for the Gate system is given by equation 4.23 from Chapter IV

as,

and

(6.4)
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6.3 Bichromatic approach

It was shown in Chapter V that the pump beam acting off-resonant on the probe

transition creates additional coherences which cancels the central absorption peak of

the Gate configuration and lead to a complete transparency. This was shown to be due

to the population being trapped in the superposition state X\ — 0.707(|5) — |7)). An

incoherent pumping process can then be adopted to achieve gain in the system. Such a

pumping can be achieved by either a 7r polarized light, which pumps population from

|5) and |6) to |7) and |8) , or by a± light which pumps population from |1) to |7)

and 18) , as well as from |5) and |6) to |2) . Since two trapping states, |5 - 6) and |l) ,

exist in the system, both pumping schemes have to be simultaneously used to prevent

accumulation of population in either one of them. These pumping terms are included

Effect of pse = i 0.5 was shown in Chapter IV where p$Q = 0.5 resulted in a

complete transparency and /?56 = —0.5 resulted in a complete absorption. Since p^ is

a complex quantity, its phase and amplitude can be varied independently. Figures 6.3

(a) and 6.3 (b) show effect of a complex pw Figure 6.3 (a) shows imaginary P75 for

#56 2= 0.3-h i 0.3 as a function of probe detuning. Figure 6.3 (b) shows imaginary p86 for

the same. Figure 6.3 (c) shows total absorption which is the sum Imaginary (p75 + P86)>

It is seen that, since the two absorption profiles are symmetric about zero, gain in on^

of the arm is cancelled by absorption in the other, and there is no net gain.

(6.5)
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in the density matrix equations and the equations are solved in the non-perturbative

limit using Bichromatic solution technique which was discussed in Chapter V. The

parameters used are same as in Chapter V with all the parameters being scaled to the

coherence decay 757. The pump Rabi frequency of 10 and the probe Rabi frequency

of 0.2 are used. The detuning between pump beam and F=l <-> F' is chosen to be

A^ = 100. The incoherent pumping parameter A = A57 = A68 = A12 is scanned from

0 to 2.0. The probe absorption obtained for these values are plotted in figures 6.5 (a)

and (b).

Figure 6.4 shows the absorption profile as the pump parameter A increases from 0

to 1.5. Ai = 500.0 is used for this calculation. Figure 6.5 shows an expanded part of

this graph, showing the gain feature. It is clearly seen that a small absorption peak at

Ap = —0.45 develops into a gain peak as A increases. Comparing with the absorption

spectrum obtained in Chapter V in absence of incoherent pumping, the position of the

gain peak is seen to be corresponding to the peak labeled C in figure 5.7. This peak

was identified to correspond to a D2 <-> Xr0 transition, which is seen in figure 6.5 (b) as

developing into a gain profile. It can be inferred from this that the incoherent pumping

process transfers population predominantly into D2 = 0.707(|7) — |8)). This decays to

the state X5 showing up as gain in the probe beam.

Figure 6.6 shows the bare state populations for a particular value of pump parameter

A = 0.5, for which the gain exists. Figure 6.6 (a) shows populations of ground levels

|5) , |6) and |1) and figure 6.6 (b) shows those of the excited state |7) , |8) and

|9). It is seen that population of ground states are more than those of excited states,

showing that there is no population inversion. Figure 6.6 (c) shows populations of the

two dressed states which are involved in the transition. Population of X5 is plotted
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with respect to left y-axis shown as a solid line and the population of D2 is plotted

with respect to the right y-axis by the dashed line. Population of D2 is seen to be lesser

than that of X5, showing that there is no inversion of population even in the dressed

state.

Figures 6.7 show the behaviour of this gain with respect to the pump parameter

A, at Ap = —0.45, which is the point within the gain profile. Figure 6.7 (a) shows the

probe absorption as a function of A. The absorption becomes negative valued, which

is an indication of gain at A = 0.4, and stays negative as A is increased. But as Figure

6.7 (b) shows that the population of Di (dashed line) exceeds that of X5 (solid line) at

A = 1.5. However, the gain is achieved much before this value of A indicating absence

of 'hidden inversion' between the two dressed states involved.

Figure 6.7 (c) shows the population of bare states |5) , |6) and |1) while figure

6.7 (d) shows the population of excited states |7) ,|8) and |2) , showing the absence

of inversion among the bare states. In conclusion, a gain without population inversion

can be achieved in the real atomic system of F=l <-• F' <-> F" by use of an incoherent

population pumping method. The strong pump beam which acts off-resonant on the

probe transition creates coherences which will trap the population in a Coherent PopK

ulation Trapped state. Since the absorption profile at the line center is cancelled du§

to quantum interference, the transition of population from D2 to X5 results in gain in

the probe beam.
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Conclusion

Methods of achieving gain in model configurations of Y and Gate have been shown.

Since Y configuration shows a complete transparency at zero detuning, method of inco-

herent population pumping. Gate system shows gain in individual arms if a coherence

is externally imposed on pw But the total gain when absorption from both arms are

added, cancel each other to give a zero absorption. In the real atomic system, the

pump beam can act nonresonantly on the probe transition as well. This creates an

additional coherence which cancels the central absorption peak of the Gate system.

An incoherent pumping process can then be used to obtain gain in the system. This

configuration shows gain without a population inversion either in the bare state basis

or in the dressed state basis.





















Absorption

Fig. 6.4: Absorption as a function of probe detuning for various values of pump parameter



Fie. 6.5: Absorption as a function of probe detuning for various values of pump parameter



F ig . 6. 6 (a) : Populations of levels 5 and 6 (Solid line, left axis),
and of level 1( dashed line, right axis), for a pump
parameter A=0.5.



Fig. 6. 6 (b)Populations of levels 7 and 8 (Solid line, left axis),
and of level 2 ( dashed line, right axis), for a pump
parameter A=0.5



F i g . 6 .6 (c) [Populations of the dressed states D4

(Dashed line, left axis)) and X5 (Solid line,

right axis). Population of D4 is more than

that of X5, which corresponds to inversion

in the dressed state.



Fig. 6. 7 (a): Absorption of Gate configuration as a function of
pump parameter A. Negative value implies gain.
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Chapter VII

Threshold of Transparency

When a pump beam is a focussed Gaussian TEMQO mode travelling along

the length of an optically thick sample, it leads to a transverse profile of

transparency which varies also along the length of the sample. The spatial

profile of transparency inside the sample depends on, besides other parame-

ters, the intensity of the pump beam at the focal point of the Gaussian mode.

In this chapter, a threshold intensity is defined at which transparency for the

thick sample can be said to have set in. This threshold intensity is related

to the relaxation rates and dipole matrix elements of the pump transition.

A spatial variation of the pump beam intensity leads to a spatial variation of the

induced effects on the probe beam transmission. A transverse variation across the beam

path has been shown earlier to lead to a transverse variation of the refractive index and

hence to a induced lens-like behaviour of the medium [1], Modification of such lensing

effect due to the presence of associated absorption has also been examined [2]. In this

chapter, a discussion is considered when the pump beam is a Gaussian beam which

is focussed to obtain high energy density inside an optically thick sample. Because

the intensity varies along the beam path also, there is a non-uniform modification of

the probe absorption along the sample length. This variation needs to be taken into

consideration when analysing the EIT effects.

In the present chapter, a study of longitudinal variation of absorption due to lon-

gitudinal variation of pump beam intensity in an optically thick sample is presented.
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In particular, it is shown that a graph of axial absorption versus the log of the inten-

sity of the pump beam suggests the definition of a threshold intensity at which the

transparency in the thick sample may be said to have set in.

Consider a typical experimental configuration for EIT, which consists of a probe

beam and a pump beam interacting with an atomic vapour in a cell of length L.

The pump beam is a Gaussian beam of TEMoo mode, focussed to the center of the

cell, denoted by ' / ' . with a beam waist u>0. The Rayleigh range of the probe beam.

bp == kpWpQ is taken to be much larger than that of pump beam b = kw0. The probe

beam can then be approximated by a plane wave, which is spatially uniform, k and

kp are the wave vectors and WQ and U'p0 are the beam waists of pump and probe beam

respectively. The Rayleigh length of the pump beam is smaller than the length of the

sample. The striped region of figure 7.1 depicts region in which atoms interact only

with the probe beam, while the region which is hatched contains atoms which interact

with pump beam also and their response to probe beam is hence modified. Therefore,

atoms within the striped region are purely absorptive. Response of the atoms within

the crossed region is obtained incorporating the shape of the pump bearfl-
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Absorption coefficient in the absence (presence) of pump beam is denoted by ao(a)

which is given by a0 = -ReaNL/K2 (a = -Recr).

Figure 7.2 shows a/ao, as a function of log of the pump beam Rabi frequency log10 9o

for the ratio L/b — 10~3. All the parameters are scaled to the coherence decay leg- As

the pump beam Rabi frequency g0 is increased the absorption decreases and reaches

an asymptotic value of zero. To quantify the fast change in absorption, a limiting

curve is assumed as shown in figure 7.2. This curve intersects the absorption curve at

a/ao = 0.5. In other words, the gQ value at which a/otQ reaches a value of 0.5 is taken

to be the threshold value at which the transparency occurs. According to this picture

there is finite large absorption below this threshold intensity and full transparency after

it *.

Figure 7.3 shows variation of a for different values of L/b. Each one of them shows

*In an earlier publication, we had defined a reduction of absorption coefficient a to a value of e*o/lO.O
to be representing threshold transparency [4]. Considering the symmetrical nature of the profiles around
threshold intensity in figure 7.2, we define here the induced transparency as reduction of a to aQ/2.
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a maximum absorption for small gQ values, which approaches a minimum value sharply.

The threshold intensity value increases as L/b increases.

Figure 7.4 shows variation of a for three different values of 7mff. The threshold value

is seen to increase with the value of 7m<?-

In figure 7.5, the threshold Rabi frequency is plotted against L/b values. It shows

that as the sample length increases, the threshold intensity of transparency also in-

creases.

The above results can be explained by noting that the shape of the pump beam is a

hyperboloid of rotation [3]. The beam intensity is maximum at the focus and reduces

gradually as one moves away from the focus. Therefore, the induced transparency

follows a similar profile with a maximum at the focus and decreasing at the ends. This

region forms a dumbbell centered at the focus, such that the atoms within this dumbbell

are rendered transparent to the probe beam while the atoms outside the dumbbell are

not. If the length of this dumbbell is less than that of the sample length, there exist

atoms along the path of the probe beam which are absorptive. They absorb the probe

beam and the transparency effect can not be observed. Roughly when the dumbbell

length is of the order of the sample length, the induced transparency effect can be

observed.

For a condition when L/b << 1, the variation of go with L/b is seen to be lin-

ear (Figure 7.6). For this condition, a relation between threshold intensity and other

parameters can be determined as follows.
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Rewriting the equation 7.6 at threshold condition,
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Which results in

(7.7)

(7.8)

In other words, the Rabi frequency value at which the threshold transparency occurs

for L/b << 1 regime, is equal to the square root of the product of two coherence decay

terms yeg and 7mff. Relation 7.8 may be used to estimate any one of the involved

parameter as unknown while determining experimentally the value of go under the

conditions of valdity of the above equation.
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In conclusion, the probe absorption profile is seen to vary along the beam path,

resulting in a dumbbell shaped profile. Since the probe absorption is not a complete

zero, one needs to define onset of induced transparency. We define the transparency as

reduction of absorption by half. This generates a region within the sample containing

transparent atoms. If the length of this region is comparable to that of the sample

length, the medium appears transparent. Otherwise, the probe beam will be absorbed

by the atoms outside this region. The total axial absorption value for an optically thick

sample reaches half its maximum value at \gQ\2 = 7eff.7m5 for L/b << 1.



Pump beam

Fig.7.1: Figure showing the pump and probe beams interacting wih the atomic medium within the sample
cell. Probe beam is represented by a plane wave and pump beam is a focussed Guassian forming
the h>perboloid. Atoms within the stnped region interact with the probe beam alone and atoms
within the crossed region interact with both pump and probe beams.
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Appendix C

Clebsch-Gordon Coefficients

Combinations which lead to each |F,mF) level used in the study are calculated using

rules for addition of angular momentum*. Dipole matrix elements for transitions are

calculated for these levels using the selection rules for transition between Lmj, s and

rns values.

Formation of F levels according to F=I-f L+S
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Appendix D

Dipole matrix elements

The electromagnetic fields that connect the transitions between various states of S1/2,

P1/2 and D3/2 are denoted in the following manner. In the cartesian coordinate system,

the right and left circularly polarized light are denoted by

and

The plane polarized light is denoted as

EQ = Re[E+ + E~] = Sxexp{iuj t).

The dipole matrix element (i\E±\j) and (i\E°\j) between states \i) and \j) are obtained

by making use of the selection rules for orbital angular momenta \

Dipole matrix elements for transitions F = l , S1/2 -̂> F = 1, P ^

*H. A. Bethe and E. E. Salpeter, Quantum Mechanics of one - and two -electron atoms, Plenum,
1977, pp 254

v i a
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Dipole matrix elements for transitions F=2, Si/2 <-> F = 1, P ^

Dipole matrix elements for transitions F=l , P1/2 «-> F = 1, D3/2

D

It is seen that the transition probability from states which are of the type Q_ to those

of the type Q+ are zero while the transition probability from states of the same type

are finite. In other words, the transition probability between mp=0 sublevel of F=l

of S1/2 to mp = 0 of P1/2 is zero. The transition from mp = 0 of F=2 level of S1/2 to

rap = 0 of F= l of P1/2 on the other hand, is finite.


