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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 al 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=I — F'=1— F”=1leves
Is shown to demonstrate complete transparency. This is because of the
resonant action of the pump beam on the excited levels F'— F' as wel
as the non-resonant action on F — F’, while the probe fidd is resonantly
interactingon F — F' transitions. The solution of this bichromatic 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=| « F'=1« F’'=1
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 athree leve 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 |

| ntroduction

A strong electromagnetic field can considerably alter atomic response functions. Such
alterations can effectively be exploited for practical purposes. For instance, a smple
Stark effect on atomic energy levels by ad.c. eectric fiedd 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 3], ultrahigh refractive index [9], elimination
of &f focusng [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 Veocity 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 smple two-level model (Figure 11) [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

1
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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].

19)

Figure 1.1: Two levd atom. &, is the pump beam and &, 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 leve (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 fidd 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 severa
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others have been covered in review articles collected in [9 and references therein.

ey im) )

SP% ]SP\S-“ ’,f,‘s
fﬁ—u— l9) et |m) l !

Figure 1.2 Three level configuration of V, A, and ladder. &, is the pump beam and &,
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) = Iyexp(—alL).l, is the incident intensity and « is the absorbtion
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coefficient of the medium, constant throughout the length L. A high value of o im-
plies a large absorption and a smaller value of o denotes transmission. A completely
transparent medium has @ = 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 firs case,
strong, resonant laser causes a dynamic Stark splitting of the related energy levels
[2). The resultant shift in the energy leve 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. 29)].

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 m; 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, m; values [27, 31], leading to a Harris-Imamoglu
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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 adso 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 atypical CPT setup, two ground states \a) and \b) couple
simultaneously to a third state \c) viathe laser beam. There developes in the system a
superposition state |Q-) = (Ja—b))/v/2. The total transition probability for absorption
of radiation fidd is proportional to

l(e|ld- E|Q_)? = 1/2|(c|d- E|a - b)|?
= 1/2{/(ald" E|c)]* +|(bld"- E|c)|* — 2(a|d- E|c)|(bld- Ejc)}(1.1)

. ] - -

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 levd |Q_-). The state |Q_) istermed 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 cdl for strong lasers. Nomind intensity lasers will be suffident to
induce transparency by the above two methods. But coherences between atomic leves,
especially between degenerate atomic leves are destroyed by collison mechanisms. The
laser light in such cases has to be strong enough to overcome such coherence destroying

collisons [36)].
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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]. Usualy, 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. Freguency 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
gainin 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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1.1.1 Cobherence induced Transparency

The absorption coefficient a is related to imaginary part of atomic susceptibility by

2w
a(w) = —X L

w is the frequency of light and c is the velocity of light in vacuum. x” is the imaginary

part of atomic susceptibility x = x' +1i x".

From a two-level model atom, the susceptibility can be obtained in density matrix
formalism as

Nd,
X (w) = _g"gpeg (1.2)

where A is the number of atoms in unit volume and £ is the amplitude of the
incident light. d., = (e|q.F|g) is the dipole moment between the ground state |g) and
the excited state |e). g is the charge on the electron and 7 is its displacement from mean
position. p.g is the off-diagonal element of the density matrix denoting the coherence
between states |g) and |e). For a two-level atom, the value p., is governed by the
equation

» deg °£l

Oipeg = [i(w — weg) — Yeg)Peg — h (Pee — Pgg) (1.3)

pee and p,, are populations of level |e) and |g) respectively. we, = (E. — E,)/h is the
energy difference in radian frequency between the two levels. 7., is the decay rate of
coherence p.,. When the field amplitude &) is small, the variations in populations pe.
and pg, vary very slowly, and thus the populations can be assumed to be constant.

Then, a steady state value of p., is obtained by setting the time derivative to zero,

which gives,
= deg~€1(pu = pgg)
P9 = (W — Weg + 17eq)
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A weak field amplitude €1 does not alter the thermal statistical distribution which has
Pee < Pgg- This condition, used in above equation leads to the probe absorption, i.e.,

Im(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

Oupey = [i(w —wes) —Veglpeg = i=5(0R0Q) + =5 g (1.4)

where pmg is the coherence between \g) and |m). £\ is the amplitude of probe beam
and & is that of the pump beam. It is seen that p,,, modifies the value of p., and its

coupling is controlled by vaue of d.&,.

Under suitable conditions, p,,, can completely cancel the effect of (p.. —p,,), and
make the coherence p., = 0. The medium is then transparent. It is also possible for
pmg 10 exceed the contribution of (pe.e— pgy) and make p, Nnegative, which implies gain
in the medium. For such a ‘coherence induced gain' situation, the population inversion
Pee > Pgg 1s notrequired, 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
itsddf. This is different from the two-level-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.

Anaysis of two such models are presented in this thesis. In these modds, the
conventiona three level systems are formed in the excited state, and the probe beam
interacts with the ground state. For the sake of smplicity, only aA and aV system in
the excited states are congdered since they involve a strong beam of a single frequency.
The firt modd is a four levd system, caled Y configuration. It involves aV system in
the excited state and the probe beam interacting with the common levd of the three
states and the ground state (Figure 1.3). The second modd is afive levd system, cdled
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 reveds 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 Il1. 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 configuration. 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 111. 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 dedls with a situation when the atom is initidly prepared in
a superposition state of the two ground states of Gate system. The behaviour of the
configuration is &fected by such a preparation. The injected coherences either enhance
or reduce the transparency of the Gate configuration depending upon their sgn. Such
externally injected coherences offer a control over the transparency of the Gate system.
Anaysis 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 levd schemes of certain red atomic systems are anaysed
where Gate and Y systems can be redized. 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 oneiswhen aY and a
Gate configuration exist together. Third one is a more complex configuration involving
many levels, dl of them interacting with the same pump and probe beams. This
configuration is shown to reduce into uncoupled groups which individualy show either
Gate -like and Y -like behaviour. This means that Gate and Y can be consdered as
generic systems and can be added to the class of other generic systems such as A, =
and V.

In previous chapters Il 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 fa 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 bichromatic
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 bichromatic problem reveas 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 11

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 E, — £° exp(i w,t)+ c.c, connects transition between levels [1) and |2). The
strong pump beam (E,) is polarized perpendicular to the polarization of £, beam. The
subscript s in E, refers to the smallness of the amplitude and the subscript p in E,
refers to the pump. The E, may be considered as a sum of two circularly polarized
lights denoted by E = £ exp{i wyt)fcc, which connects [2) < [3) and [2) < [4)
transitions respectively. £ and £~ 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 Amp = *1. It is
assumed that the fidd £, is too far detuned to interact with |[1) «» [2) and the fidd E,

is far detuned from |4) < [2) « [3) transitions.

3

5

Fig. 2.1

Although leves [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 dl 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 = system.
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Let the Hamiltonian of the system be written as

uh —dy - B, 0 0
—d21 . Esr ] 'd-'i? - E, 'df-l? - E
H = ’ : (2.1)
0 —d:;g * Ep Ws 0
0 —d42 4 Ep O Wy

Where, d,; is the the dipole moment of the transition between i and j and w, is the

energy eigenvalue of the ith level in radian frequency. h is taken to be 1.

The density matrix p is formed by
P P12z P13 Pua
P21 Pz Pz P
P31 Pz P33 P

Pa1 P42 Pa3 Pad

The Liouville equation which governs the dynamics of this system is obtained in

the Born Markov approximation to be [4]

Op = —i [M,p] — Lp. (2.2a)

The Liouville operator Lp denotes the matrix containing the decay terms, which is

given by

[LPlim = —6im D 2VikPrr + (Z Yo+ Y. ’y;m) Pim- (2.2b)

kAl k#l k#m

Here, v;; is the decay rate of coherence p,; and 2v; = [, is the decay of the population

from level |i).
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On using (i) the transformations

p12 = prexp(iwst),

Pz = Poaexp(iwgt), pay = pagexp(iwyt),

P13 = Pzexp(i(ws +wp)t). pig = prsexp(i(ws + wy)t)
Pi = Pu, fori=1,2,34

Prm = P (M # n);(m,n=1,2,3,4)

in the Liouville equation (2.2) and (ii) the rotating wave approximation which im-

plies neglecting the fast oscillating terms, one gets

Where

Loopog — i do & pra + 1 d3y &, " Py

(1 Ay = m12)pr2 — i d5, &, " (P11 — Paa) — 1 A&, pra3 — 1 daa€, Py

[i (As+ Ap) = (va3 + vazlpra + 1 d3 ;7" paa — 1 dp€, " Pr2

[i (A5 + Ap) — (Y21 +730)|p1a + i A& " Pag — 1 Ao, " Pre

—Ta9pon + 223033 + 2V24Pag + 1 A& Pro — 1 A3 E; " o1 — 1 daa€, Pas

+i dyp€, " Paa — i daa€, Pas + 1 dipE, P

[i Ay = (12 + Yoz + Yas)| Pz + 1 A& prs — i dpp& " (Poa — Paa) + 1 dip€, " Pag
[i Ay — (12 + You + ¥34) | Paa + i dnn&; pra — i A€, "(Po2 — Paa) +1 A& s
—(T33 + Ta4) P33 + Taapas + @ dao&, Pz — 1 A€ Pa2

[i Asq — (Va3 + You + Y34 + 743)] P2 + @ da2€y Pou — 1 A€, " P32

—(Taq + T34)Paa + Tazpas + i daz€, pos — 1 d3p€, " Paa (2.3)

—
Pijs

As = Wy — Wy,
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Ap = W39 — Wp = Wy — Wy,
A3y = wy— Wy,
Wmn = Wy — Wy.

Absorption of the probe laser is related to imaginary part of g,; (1.2). Equation for
p12 in (2.3) and p21 = pi, show that the evolution of gy, is governed by three factors,
viz., the population difference p1,— p2. and the two coherences p3; and ps;. The two
coherence terms are, in turn, coupled to the coherence terms p;, and p,, respectively,
by the pump fidd. Therefore, a strong pump beam will obviously create a strong js,
(ps2) and hence aps; (pa1) with a value high enough to overcome the effect of gy, — pi;.
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
idE(p1s - p) | i€y P | i€ AR

1As + 721 Ds+va1  iDds+2

=55 __
21—

(2.4)

Different terms of (2.4) shall be analyzed extensively in steady state below. The
steady state solution for p is obtained in the following manner. Assuming that the
Y is a closed configuration, closure condition Y_; p; = 1 is used to substitute p;; =
1 — (py2 + Pas + Pas) in equation (2.3). Then the set of equations can be rewritten in

matrix form,

Gv=M- -v+o¢ (2.5a)

where, v is the column matrix

(P12 Pra Pra P P2 P2z P P31 P32 Pas Paa Pat Pa2 Pas Pas) -
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@ is another column vector containing terms independent of 5. Explicit form of M

and ¢ are given in Appendix A.

The steady state solution of equation (2.5 a), and hence of (2.3) is
v=-M"'0¢ (2.5b)

where M ! denotes the inverse of matrix M. A spectrum of probe absorption is
obtained numerically from Imp21 by scanning the detuning A,, which is equivalent to
scanning the probe frequency. For such a computation, all frequency parameters are
scaled to the coherence decay rate 7,2 of p21. For the decay rates of upper transition,
a typical ratio of 493 = 794 = 0.25 is assumed. For a ‘Strong’ beam, ,, = 6.0 is used
and for a “Weak’ beam, a value of Q,, = 0.2 and w34 = 0 is used. Here, (), are the
Rabi frequencies such that Q, = d,? and & = [dy€; *| = |dyp.£; | Imaginary part
of P21 gives the absorption of the weak field E, and the absorption of the pump field

Q) is given by Im(ps + paz)-

At first, both pump and probe beam are taken to be weak, with the Rabi frequencies
2, = Q, = 0.2. The pump is resonant and the probe frequency is scanned. We first
describe all the figures and then summarize the observations on their basis. Figure 2.2a
shows the result of probe absorption for such a condition. A dip at zero detuning is
evident in Figure 2.2a. With reference to (2.4) note that since the pump beam is weak,
the coherences p3; and py; are not large enough to compete with the contribution of
the term py; — Pop (see 2.4). But there is a contribution from the js; and g, terms for
small detuning region, which results in the dip at the center of the absorption profile.
The corresponding behaviour of populations are shown in Figures 2.2 (b),(c). Figure

2.2 (b) shows population of ground level |1) and Figure 2.2 (c) shows the population of
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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 p2;. The solid line shows the factor A = Im (517 — f22) /(A5 — i7v21)],
and the dashed line shows factor B = Im[(gs; +7p41)/(As iv21)]. From equation (2.4),
these two add up to give Im(p21). These two are of opposite signes in A; ~ 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 22 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

B = BR+ BL
A,

BR = A? 4 2 Im {d:f'lgp_p:}l + dqugpﬂl
s 21
2 _ P
Bl = A +1‘}:}1 Re [d{}ggp P31 + dfi?gp p41]

The insets in the Figure 2.2 e show the skew symmetric behaviour of Im[dnfp_ P31 +
di2&; Peu] and the symmetric behaviour of Re [dggé'; ps1 + du€; par|. Multiplication of
these respectively with the skew symmetric dispersion curve A,/(¥? + A?) and the
Lorentzian v,/ (72 + A?) produces the curves BR and BL shown in Figure 2.2 e. Since
the major part of cancellation is brought out by A+BL which contain the Lorentzian

Y21/ (A% +43,) as common factor, we take the coefficient in A+BL merely

d.E; (P11 — P2) + Re(ds:€, pay + dazéy pa1)
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as characterizing the magnitude of residual absorption at A, = 0. Figure 2.2 f shows

its behaviour in the domain of the dip A, =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.

(4) 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 wel 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.

() The minimum of the dip in probe absorption occurs at A, = 0. It is controlled
by the value of condition dy1.£5(P1; — P2) +ds.E32 Re [p31] + daz.Es2 Re [pa1] at
A =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 2, = 6.0 and a probe beam vaue of §2, = 0.2. There is a

marked transparency window between the two absorption side bands. These side bands
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correspond to the Rabi frequency of the pump beam transitions and are placed at

A = i\/|932|2 + Q4|2 Figure 2.3 (b) shows the population of level |1) for these
conditions and the corresponding populations of levels |2) and levels |3) and |4) are
shown in Figure 2.3 (c) by a solid line and a dashed line respectively. It can be seen
that with the exception of side bands, the population is settled in level |1) for all other
detunings. The coherence terms corresponding to this case are plotted in Figure 2.3
(d), where the solid line represents the factor A = Im [(da1-EJ(Py; — pay)/(—ils — 721))]
and the dashed line represents B = Im [(dsz-ggﬁsl +dg.&5pn)/(—iA, - ‘?21))]' The
complete cancellation of normal absorption by the coherent terms p3; and pa iS evident

at A; = 0 neighbourhood.

It is very interesting to discuss the Figure 2.3 (d) further. The plot of term A reflects
only a single Lorentzian at the line center. This is surprising because we know from
Figure 2.3 b and Figure 2.3 ¢ that py; — py; does show Rabi side bands. The features of
the sidebands due to p;; —~ P22 in A is however suppressed because of multiplication by
the tail of the Lorentzian function vz, /(A% + ~3,), which is involved in A. It is further
surprising to note that the Lorentzian implied by A is ultimately missing from Figure
2.3 a. This implies that the term B must behave in such a way that the Lorentzian
of A is totally annulled and Rabi side bands show up. Both these features are there,
then, due to the build up of coherences p3; and pai. The two features required, are
indeed seen in B, by isolating them as the terms BR and BL. BR contains the part
which develops the two Rabi side bands and BL contains that part which cancels the
Lorentzian from A in the neighbourhood of the line center A; ~ 0. The two insets in
Figures 2.3 e show Im [d;zfp‘ "pa + d;2£p+‘,541] and Re[dggfp"ﬁm + d3,E; " pa1| separately.
The Im [d;‘;zé'p" "pa1 + d;gé‘p"ﬁu] shows flipped Lorentzian which on multiplication with

skew symmetric dispersion function A,/(v2,+A?) shows in BR the symmetric Rabi side
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bands for resonant pump case. It also shows a broad inverted Lorentzian centered at
A; =0. Re d;’,zfp_'ﬁal + d;zé';'ﬁ“ when multiplied by the symmetric function shows in
BL the negative Lorentzian dominant when A = 0. From this discussion the behaviour

at A, ~ 0 can be characterized by
dEX(p11 — pa) + Re [dy€, "5 + dipk " pun| = 0;

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 fina 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:

(SPa) The probe absorption develops three distinct regions

(@) two Lorentzian peaks separated by the Rabi frequency of the three level-
V- system as shall be shown in Chapter I11.

(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.

(SPB) 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 p,,. This is very much in contrast
to what was happening in weak pump case. There was little indication through

the behaviour of gy, 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 a Rabi side bands and nearly zero at line center inside the transparency

window.

(SPé) Population of level [3) and |4) now do fdlow the probe absorption peak at the
Rabi side bands as wdl 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.

(9P1) The minimum of the dip in probe absorption at A, = 0 is characterized by

dgl.gg([jll —P22) + (dZ'Sgp ‘531 + d24g;‘ﬁ41) %O

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 di2 = 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 v34 =0 situation considered so far.
We now consider a case where v;4 = 10 implying a large collision relaxation between
levels |3) 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 A, = O is increased, i.e.,, the transparency is reduced. The analytical

results obtained in next section are vaid for 734 # 0 as wdl as for Ay #0.
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2.1.1 Analytical Solution for Y system
For the case of strong €2, (pump) and wesk €2, (probe), an approximate analytical

solution is obtained in the first order of probe intensity, using linear response theory
and al orders of the pump field. Then, the coherences p;s and ps: and population P2
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.,

(0 (0 (0
P =0m=pl) = p

=(0 (0 (0
P =0=p3 = pj

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

and hence p,3 and p4 will be negligible. For other cases, such assumptions are invalid.

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

ae
i 8“5.(;]) = (-A, +i 712)*6%) ¥ d”g?ﬁg?) + dﬂz‘e:'aﬁ:(xll) +dp€, .5«(111) (2.6)
i 05y = [—(A,+Dp)+i (vt ?-a:a)]ﬁ.%ll} + d€; pY) (2.7)
i 6:15-{111J - [_(As + Ap) i (vt 7'3-;)]5-(1]|) + dﬂg;: fj'{}l’.} (2.8)

Steady state solutions for (2.7) and (2.8) are

.2l
_(1) ds € ﬁglj

Pa (As +4,) _—5(\;.723 + Ya3)
dik; pf)
5y = 1265 D)
(As + Ap) . i("m -+ 734)

By substituting in equation (2.6), the steady state solution for 55_,11; is obtained as
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—dp Ep\)
A = e P (29)
[—As + i712 + F32 + Fy3)
where,
|d3&S |2
Fy = :
(As + Ap) — i(y23 + 7a3)
and
de€ |2
Fyp = l = pi

(As + Ap) — (V24 + V43)
For small values of probe fidd (&;), this solution shows an excellent agreement with

the numerical solution obtained to al orders using equation (2.5 b), validating the
approximation. Figure 24 shows a comparison of the analytical solution (symbols) to
the numerical result (solid line) showing that they agree wel 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 A oscillators is then
given by N f. 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 leveds (7] as

fi= 2;”—;'”1<z‘1ﬂj>iz (2.10)

The accurate measurement of f-vaue is important in the fied of astrophysics and

spectroscopy. The existing methods of measurements are based on plasma excitation
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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 292, where Q2 = d- E. By using the
analytical expression (2.9) to fit the set of experimental data over the entire detuning
range, value of [Q232]*+ Q4|* can be determined to a better accuracy. Using these values
in (2.10), the oscillator strengths for excited state transitions (2 |7] 3) and (2|7]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 E,
E%exp(i wyt) + c.c connects both |5) «» [7) and [6) « |8) transitions. The strong beayy
EF —£F exp(iwpyt) +C.C. connects the transition B> «|9) and [> < [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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/N

Fig. 2.6

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
(Z) configurations. Because the pump beam creates a coherence between the states
'7) and |8) and such coherences for two connected ladders have not yet been studied.

Therefore, this configuration requires further analysis.
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Let the Hamiltonian for this configuration be

* e
_d?S'E.‘:

( ws 0

0 we

H = | ~dis.E, 0
0 —dys B,

\ 0 0

which acts on the density matrix

\_ ,‘:]r):]

iy B

P36

Ps6

P36

P96

0

wr

0

Ps7
Per
Pg7

Par

—dgg. B}

0

0

Wy

5

“t'igg.E;;

P38
Pes
Prs
Ps8

Pag

P59

P9

P89

Pag

= déT‘E;; *
‘“déa-E;'

Wy

(2.11)

w; denotes the energy eigenvalue in radian frequency, of level \i) and d;; = (i\d\) is

the dipole matrix element of transition between levels |i) and |j),for i,j= 5,6, 7,8,9.

hbar is taken to be 1.

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

Markov approximation is

8:02 -i [Hap] - Cp

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

folow the master equation [4]

(Lplim = —6im Y 2Vikpi + (
k#1

kA

7vi; IS the decay rate of coherence p;;.

Z Yii + Z Ykm

k#m

) Plm l,m - 5,6, 7,8
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On using (i)the transformations

pij = pijexp(iwt) forii=5, 6 andj=7, 8
pi; = pijeexp(ivt) flari=7 Bandj=9
pij = pRipexp(i(witw,)t) fori=>5, Gandj=9

and (ii) the rotating wave approximation as before, one gets,

01 P65
3, Pes

O Pe7

0, Pes
0; Pey

0, pr7

0 prs

0, Prg

II

—2763p55 + 2¥s1Pr7 + 2¥sepe6 + 1 disEy Prs — i drsE4 sy

[i Azs — (Va7 + Y65 + Yar)]Ps7 + @ d3sE) (Prr — Pss) — i dgr€, P39
[¢ Ass — (68 + Yes + y78)] Pss + @ d35Ey pra — i di6EY Pse

i dgs&, Psg

[i (Ag7 + (Ars) = (V19 + Va9 + 765)]Ps0 + i disEY Pro

i dgr&, " Psr — 1 dgg€, " pss

(—1i Aes — (65 + Y65)) Pes + 1 déﬁff'ﬁss -1 dmffﬁs?

—27s6P66 + 2YenPss + 2Ve5055 + i dieEy Pag — i dasEs Do

[i Are — (57 + ¥s6 + vs7)] P67 4 d3s€s Py — i dr};,gg‘ﬁgs

i dav€, Pog

(i Ase — (168 + V56 + ¥78)|Pos + i diEe (Pag — pes) — dgs&, Pes
[i (D6 + Dag) — (V19 + Va9 + 756)] P60 + i d 0" pso

i dyr€y " Per — i dog€, " Pes

2v19P90 + 2v18Pss — (2757 + 2yg7) P + 1 dps0p5; + 1 dg?g;' Ty
i dis€d prs — i dor€, pro

[i Dsr = (57 + Vo8 + Va7 + 178) ] P18 + 1 dr5 £y

i d5rEy " Pos — 1 dig€y pre — i dag&, P

[ Doz — (57 + Y79 + Y89 + Ys7)]Bre + A75E0 iy

34
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T L ‘-is;?gp*.(ﬁgg ~pr) — i déggp_'ﬁ?a
O s = 189099 + 2787971 — 2(es + ¥78)Pss + 1 f'frsnf:,}ﬁﬁs + 1 dgg€, " o

- i déﬁff.ﬁﬁs — 1 deg&; Pro

Obss = [i Aoz — (V58 +Yes + 70 + Yeo + ¥78)|Pso + i dso€s Peo
+ i dgé, "(Po9 — Pag) — i dg, €, " psr
Obos = —2(yre + 189)Peg + i dgr&, pro + i des€y Psg + i dgrEy o
+ i dgggp "Pas
(2.12)
and
i =  Bi#Jiij=56.7.8.9

Where, the detunings are defined as

Ars = wrs — ws
Aaﬁ = Wi — Wy
Ag," = Wgy — UWp
Agg = wWog — Wp

Since the probe connects both |5) — [7) and |6) — [8) transitions, total probe
absorption is given by the sum of individual probe absorptions Im(p7s + fss). 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 p;5 equation in (2.12), evolution
of p75 is seen to be governed by population difference p7; — fs5 and the coherence Ags.

Similarly, evolution of pg, is governed by pss - pes and pss. At steady state, the probe
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absorption can be written as

58 idysE] (pss — pr7) idgs p P35
Prs : fe
153."-5 = (']’5? T Y65+ ’}'37) .!A-,—;, + (757 + Ye5 + 'hi?)
and (2.13)
58 id%é‘ﬂ(!}sﬁ - ,(Jgg) id{;ag " P ,
Pes = : o (2.14)

iAss + (V68 + 736 + ¥r8) i + (Vo8 + V36 + 18)

Note that vs6 (765) IS the decay rate of coherence of £ss  (pss)between the ground
states |5) and [6). Similarly -5 (1s7) 1s the decay rate of coherence prs (ps7) between
levds [7) and [8). Because of the degeneracy assumed in ground and excited levels the
rates 7-s and vs;¢ are dependent on collisons and different values of 4-s will be used in

the following.

The steady state solution to be used in 214 and 2.15 is obtained by the method
smilar to the one used for Y configuration. A closure condition is imposed on the
system and gz is substituted by ps; = 1 — (pes + p77 +pss + Peg). The set of equations

(212) are rewritten in matrix notation as

guv=Muv+o (2.15)

Here v is a (24 x 1) column vector consisting of elements of density matrix, M is a
24 x 24 matrix denoting the couplings and ¢ 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

'l»;"ss — _A'I 10
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Numerical solutions are investigated for specific parameters. As in the case of Y

system, al the frequency parameters are normalized to the coherence decay rate ~s;.

Figure 2.7 (a) shows Im(p7;) and Im(pgs) for a case when both pump and probe beam
are weak with their Rabi frequencies 2, = (2, = 0.2. Here we have v5s = 75 = 736
and v = 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), ) 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 Im(pr;), according to (2.14). The factor
B = Im [d75E2(pss - prr)/(Avs - i(ys7 + 766 +s7))] is too small to make any change to
the absorption factor A — Im l(—dg?g;pgf,)/(Am— i(vs7 + Y65 + 787))} which shows the

Lorentzian. Therefore, their sum is absorptive.

Summarizing the observations from Fig. 2.7 for the wesk probe and weak pump

case we have for the Gate system,

(ag) 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 fidd in-

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

(3c) 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.



Chapter 1. Y and Gate schemes: Semiclassical study 38

(7¢) Levels [7) and [8) show increase in population with the absorption of probe beam;

() 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.

(n¢) There is no dip in probe absorption at line center. This is also characterized

fry the fact that for the parameter range chosen (d.£0(pss — P77) + d.E; pognd

(d.E%(pes —pss) + d.E, px) 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 week probe, Figure 2.8 (a) shows
Im(p-5) and Im( pgs) When the pump beam becomes stronger, with amplitudes €2, — 6.0,

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

profiles shows two side bands of absorption at A \/IQW\Q + [Q9s/%, which are at Rabl
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 leve |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(prs). Clearly the cancellation is not complete at &: = 0. i.e,
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((‘I.’.gl,?(ﬁgj, - ,(_J'_",‘) T Re[dgsf}qg]) # 0 and (dgsu(ﬁbﬁ o ,(355) -+ RQ[O{.EP‘ ,51_15}) # 0 at A;, =0

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.

(SPag) The probe absorption develops three distinct regions

(SP3g)

(SP')(;)

(SPég)

(SPn¢)

(a)Two Lorentzian peaks separated by the Rabi frequency of the three leve
A system as shall be shown in Chapter I11

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

parency or zero absorption at line center.

Population of levels |5) and |6) deplete at dl the three places where the probe
absorption is high.

Populations of levels [7) and [8) show corresponding increase in population at the

three places where probe absorption is strong,

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 A, = 0 does not
show a peak in spite of the fact the probe absorption and population in levels [7)
and |8) is high.

As noted above the cancellation of A and B in this case is not complete, so the

Lorentzian also occurs at A, = 0. Leading to the three peaked structure.



Chapter II. Y and Gate schemes. Semiclassical study 40

We note that in the Gate system coherence decay rates 573 and 7vs¢, can have a
variety of values. we have chosen above a case with 756 = 75, and v = 0. The Gate
system needs analysis for other values of vs6&v7s also. We shal 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.

221 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 week probe case to the first order in probe amplitude. The
zeroth order coherences 757 and /47 are assumed to be zero because they get significant
value only in second order in probe intensity. The coherence between ground states /A

is assumed to be zero for the present, due to a large 7.

The relevant equations under such assumptions are

i 0% = [=An+i (514 ves + 1Pk + drs€D(BSS — pir) + din€, p53(2.16)
—i Oipgs = [—(Agr+ Ass) + i (479 +1 v8) 155 + dar &, !)«
) - e g
—i Opky = (D +i (Y8 + Y56 + V18)]Pas + dueE Py + désgp_'ﬁéfs)
—drsg}:f’m (3-18)

A similar set of equations are obtained for pss as

o s i (1) ¢ .,{ < _l
—i Oypge = [~Dus+1 (o8 + Y56+ '}TH:']-”EEGJ i dssff(ﬁ%%) - Ps?a)) + dgg€, p;,LJ(Q.lU)
e - . ey =(1) 09
—i Oipog = ["(-‘3% + -'/—\‘86) + % (‘%59 + ¥19)] g’ + dos€, Psg
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—1 8rﬁ'(.‘!ﬁ) = [=Qz+1i (57 + Y65 + 78?)],5(7]6) T+ ffsaffﬁgg) + drsgtlﬁ%}
—~dg, €5 bl (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 afect 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,

~ dEO =(0)
A = et 222
|dor&, |2
Ars—i (Y57 + Vo5 +Ya1) —
A 'd'%
G5 — 3 - \
g Ags — (Y68 + 756 + ¥o8)
and
~(1) d. ‘E‘Upf‘ﬁ
|dgs; |2
Age — 1 (Y68 + Y56 + 178) — ’
_ |dgr&, |*
Agg — 179 —

Aqe — 1(ys7 + Y65 + Y87)

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.

The analytical results given in this section are applicable not only for different values

of vs¢ and 75 but also for A, =0, A, #0.
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case of v #0

Figure 2.8 g compares graphs for 73 = 557 with 43 = 0 case. The three peaked
structure for the Gate system is shown here also. However the peak heights at Rabi
sde bands are reduced and broadened. The behaviour of A and B factors for these
cases are displayed in Figure 2.8 h. The nonzero vaue of [d.£)(Pss - pr7 + Re(d,.Eppas)]
does not dlow transparency to be produced in Gate system. Similar results have been

found when A, # O.

case of 756 = 0
2.2.2 Anomalous absorption
It is interesting to discuss an anomalous case obtained when 754 = 0 and ~-3 = O.

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 vz = v5 = 0, show three peaked structure, as in Figure 2.8 g, with
much narrower width and high peaks. The numerica 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 76 = 0 for wesak fidd situation and Figure 2.11 is the
study 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 45 = 0 and ~;5 = v5; case lies in
the large value of the coherence pse for vs6 = O case and its zero vaue for v = 10
case. Clearly the approximation used in deriving the analytical results are not valid
in regions where pi# 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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pse =05 in Gate system a A, = 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.£,|9) and (8|d.E,|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 \/|[? + [Q[2. Using the analytical
expression to fit the experimental data for probe absorption, the values of Rabi fre-
guencies 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
by 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 ps¢ = 0.5. In the next chatper, a further investigation of the
dressed state picture of Y and Gate is presented. In Chaper |1V, a detailed discussion

of why the transparency of Gate is high for pss = 0.5 is presented.
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Chapter 111

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 w:th the results of
density matrix solutions obtained in previous chapter. A straightforward de-
scription for the behaviour of Yand Gate schemes is evident in the dressed

state picture.

31 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-
classicd 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

45
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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 2 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 formaism. 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
emisson pathways is investigated. The study of Gate system is then presented in the

Samne 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

W) = Ci|1) + Col2) + Ci[3) + Cul4)

The Hamiltonian of the system is the same as the one used in previous chapter,
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which, in A = 1 units, is

w —dy - E 0 0
M= —dy - E, wa —dyy - Ep —dygy - Ep

0 —dy - E, wa 0

0 —dy - B, 0 Wy

where, d;; is the the dipole moment of the transition between i and j and w; is the

energy eigenvalue of the i'% level in radian frequency.

Using them in Schrodinger equation i9;|v) = H|v), and after suitable transforma-

tions the equations for the probability amplitudes are obtained as

8,Cy = [i(Ag+ An) — Y)Cy + idy.E; Cy (3.2)
8.Cs = [i(Ag + An) — 732|Cs + idn.&; Cy, (3.2)
8.Cy = (ily —vu)Co +id}y.E, "Cy + id3y.E " Cs + idn & C, (3.3)
8C, = idy.E' Cy (3.4)

The detunings are defined as

Dy = wy—w — wy,
Az = wy—wy— Wy,
and

A42 = Wg— Wy — Wy

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

For alarge value of iA21 — 7vi2 and iA2 — 732, the time derivatives on the LHS of
3.1 and 3.2 can be assumed negligible and hence set to zero. Solutions of C; and C,
obtained from such a procedure is substituted into equation 3.3. By setting the LHS

of 3.3 aso equal to zero, the solution for C; is obtained in the form

- —*fd_g].gs C]
= (A ] + !dd'z-gﬂz .:dnz-gp‘ |
131 — 7 : - -
] x (A + A1) — Y24 - 1Az + Aogy) — Y23

Substituting this in equation 3.4

é. (3.5)

|dyy £, |2
GLCII— I‘{..,.z..

|d;g£p_| i{fgg.fp- 1_)
: +
1(Ag2 + Aap) = 7o (A + Ajy) — 723

[fA‘zl - ‘mj i

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

beam coupling |d21-€:]*. The time evolution of population in levels [1) is then given by
3¢|01]2 — Cl QC’{ + BEC] Cl.

1

] G @6

s [1
E= —|dg;.£5l |t5 +

Where,
L R Y
i(A.-;z + A-_n) — Y24 ":(A.‘]Q T A?l) — Y23

D = [iA'u = "hz] +

and D* is its complex conjugate.

YA detailed derivation of spontaneous emission decay is discussed in a later section.
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It is seen that population loss from leve [1) isonly 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 aso be noted that the denominator D is identical to
the denominator of the analytical solution of )}’ which is obtained in Chapter 1.

Solution of 3.6 is then

(1, 1
v D

Col*(t) = exp { ~dar &4 |t} 1cik) (3.7)

Where |C}]%(0) is the population of level |1) at initial time t = 0. The absorption
cofficient 3 = |da1.Ef* |5+ £, is plotted in figure 31 as a function of detuning Az
for the same parameters used in Chapter II. i.e, fid =0.2 and Q3 = Q4 = 6.0. The
profile of this factor is identical to the probe absorption behaviour obtained in Chapter
Il for the Y system.

3.2.2 Dressed State picture
Grouping the equations 3.1-3.4 in the form

Cy ' Agp + Apy 0 dyp.E, Cy ¢ 0 0 Cy
| Ci| =i 0 Ap+Ayn dp& || Cs — 0 73 0 |-]|Cs
Cy dy2.&, d2.&y 0 C, 0 0 2 C,
0
+ 0 (3.8)
idy .Es C)
and

8161 - 'Edg}.ESCQ.
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Operating a transformation C; = C; exp(-i Ay t) for j = 1,2,3,4 and setting

AL =0 = Ag, for simplicity, equations 3.1 - 3.4 become

C 0 0  dpf, Cy Y 0 0 C, 0
8|Ci|=i| o0 0  dp& [ |G- 0 A5 0 Cs |+ 0
Cs dyp.€, dyp.&; 0 Cy 0 0 7o Cs idp £, C
(3.9)
and
8,Cy = —i Ay C) +idy .£,C,
The above equations in the matrix notation are
8C = iMC-+9C+D (3.10)
8C = —ilAn Ci+idy.£,C, (3.11)

Where C is the column matrix (C; C3 C;)and M is the 3 x 3matrix containing
the d.£, terms. 7 is the 3 x 3matrix 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 & = |da2.&|* + |dg2.E, |

Denoting gz = d.£," and gy = dso. &,

p)

the diagonalizing matrix S is obtained by
arranging normalized eigénvectors,
igss V2 —igng
1
= Lign —gav® ~i
a2 923 I 923

Y 0 o

S:
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Carrying out the unitary transformation using S and S*,

8,(StC) = iStMSStC — stysstC + S'D

gives
at\DD=’iﬂ-’ID\I’D—FD\I’D+DD, (312)
where )
v, 4 —-a 0 0
\IID = lIl2 = Sf . _3 . AID — 0 0 0],
‘DB ég 'U O x
and i
I, 0 Ty ag12Ch
1-‘D == 0 r-g 0 . DD — 0
Iy 0 T, 091201
| gaa|?Y2s + |923/° 723 + a’ys
By = 5
(8%
r, = loul+lonle
$d = 2
a
_|924l2’]’4 = [923[2?3 + a2
[ /=

2a

Where it is assumed that 23 = Y24

The individual dressed states are given by

]. i P = o
B = —(—igiiCilt) ~ i9iaCel3) + aCal2)
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¥, = (92304|4> - 9246'3’3))

1
Qo

- i "
Uy = :—2(_893.;C;|4} +i93,C313) + aCy|2)) (3.13)

Substituting them into equation for C;,

3néi — —ii\zlc: —dpy & [ \/5

Equation (3.12) shows that the 'Dressed States' V¥, fy, and ¥; have energy eigenvalues

P, + ‘I’ﬁ.J

+a, 0 and —a respectively. The probe laser is then resonant with levels ¥, ¥, and
7, for the detunings A, = +a,0&- a respectively. The eigenstate associated with
Ag =0is Vo= (g23C4l4) — 924C4]3))/cr, which does not contain any contribution from
the state |2). Therefore, transition probability (1|d.£|¥2)= 0, which means that the
probe absorption at zero detuning is zero. The manner in which this zero coupling at
A, = 0 isobtained is different from the conventional zero coupling of the CPT case. In
wdl 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 inthe Y system, the superposition state
which interacts with the ground state at A21 -0 is made up of only those components
which individually are uncoupled to state y1> by the probe transition. Therefore the

total transition probability is a sum of zeros.

Carrying out a transformation, ¥, = U, exp(—ily.t) for | =— 1,2,3 the equations

312 become



Chapter Il1l. Dressed state analysis

. 912

Wy = [i(Agl + (1) - r1]'i’3 — F_-;lffl + l—él

V2

where g5 =— do;&;.

53

(3.14)
(3.15)

(3.16)

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

when the term iA,; ta—1T'; islarge, and the two equations can be written in the form.

[i((Ag —a) = Ty]¥, - [0, = —if}%a
—Fz‘fﬂ—%[i(;\qu(l) _riJ"I’s = —if/I%CL

Solving these two equations simultaneously,

b _ _lidn—0a)-Ti+T4] g

¥ i =l
3 (il — T +@2—T% 2
_ [i(Agy +a) =T+ T3] 912 =
¥ = ——— 1==C
1 (iAy —T)? + a2 — T} 1\./fz 1

(3.17)

(3.18)

(3.19)

Using an inverse transformation C — S ¥, the amplitude C, in terms of dressed

states is obtained as

= ®1+¢’3
V2

- —QiAgl + 21"1 = 2F3 i@

(iBdy —T1)+ a2 -T2 2

Cy
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Substituting this into equation for ¢, gives

&Ci = -iAnCi + ﬁ% |912/*C (3.20)
Rewriting the above equation as
8,C, = D'Cy
and hence,
8,|Cy|* = 2 Real(D)|C,[*. (3.21(6))
where D' = —ifAn + [z4-belin] gl

L

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

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

3.23 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
li,ny,nke), Where\i) is the bare atomic state, with n; photons of laser and nk. num-

ber of spontaneous emission photons in mode & and polarization o [1]. The quantised
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e

electromagnetic field is represented by E = i\( (_,—F:‘—:f-) [ak, exp(iwxt) — a.,tt exp(iwgt)] [10].

The total Hamiltonian will then contain atomic, photon and interaction terms, as

H = wi|1)(1] + w2|2)(2] + w3|3) (3] 4 w.l4) (4]
+ igal4)(2lak, — ig5,]2)(4]ay,
+ igna|3)(2lak, — igiyl2)(3lal,
+ igi3|2)(1ak, — igis'[1)(2]al,

| .1 A s . kyor
23 L 392-; 1|4><Ql”*101 + 19250-!3} \Qfak_.a-_: = 3{}15 ]!2)(1“1‘5‘303 + CC

ko

. | . . t L t . R 3.91
T ""Lak;_u‘kf. + ""’Pa’k,}{lkp + """’kioiu’klala"".d: i “‘"’kgﬂzakga;a‘kzﬂ? + """"C:sﬂ:iu'k:;ogaksas( : )

where w; is the energy of the i** state in angular frequencies, ax,,, denotes annihilation
operator for spontaneous emission photon of i** mode and aLm, its creation operator.
a,, and a;, are creation and annihilation operator for the strong laser and subscript &

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

oo 12
. Wi /[ A :

Where, ¢, is the polarization vector of photon ko, V is the normalization volume, ¢,

Is the permitivity of free space. C. C. denotes complex conjugate.

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

Hamiltonian. They form a wavefunction,

w) = Cil4, (nL + Dwr,nywy) + C3l3, (i + w)iy npwy) + Ca2, (ng + 2)wy, npwy)
+ CYI1, (g + 2wy, (np + Dw,) + C3%(2, (ng, + 1w, npwy, ki, 01)
e i C;faﬂ’all‘, (TLL " 2)‘”1;- Npp, k303>
(nr + 1)w, refers to ny+ 1 photons of the laser a frequency w, and n, is the number

of photons of probe laser at frequency wr. ok, is the spontaneous emission photon in

the i** mode with a wavevector k£ and a polarization o.
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The Schrodinger equation, id;|v) = H|y) gives an equation for each probability

amplitude as
aCr = =y 913 Cs
c’);C‘-g = iA?lCE —vnr+ 1 954C4 —f N, F 1 1?’_:303 + \/ﬂ_p g;_d:’s.’ct A nggaacf:ox
ko
9Cs = ilAn+2alCs 4 VALTT guCr + T ol CH™
8C: = i[Ap+An|C+ VL +1 g;4Co + Zgéﬁ”'cé““‘ (3.22)

ok

and for each ko mode

k .
BCH" = ACHT ~igh™'Cy
q k 2T .
0tczzrrz — qu]c k 207 zq'l:%arg C

vk c Ak k k (7 <
aCH™ = jAkche _ jokec, (3.23)

Where, the detunings are defined as

ki
A = Wy — W — Wi,
and
kgn’g = o
AT = Wy — Wi, (3.24)

Solving equation 3.23 for long-time-limit as t — oo

CH? = lim-— /gkm'Czexp iAB9 ¢\ d¢

t—oa

= lim —g¥""C, f exp(iAR7 ¢')d (3.25)
0

t—oa

C, is assumed to be a dowly varying quantity when compared to the exponential terms

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

_ !_Akws

= hm g’”""CE [
= g3 [ 5t mtﬁ(&km)] (3.26)

exp(i Akmt) 1]

Where ¢/ A8 the Principal value of Akof and 6(A%%) is the Dirac delta functior
centered at A% The Principal vaue 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,

CHt = =gl Cymé(A%) (3.27)

On similar lines,

Ci™t = g™ Cymb(AR™)
Ci™ = g™ Cumb(A3}") (328)

Substituting these in equation 3.22, we get

8:C'4 = E[A.QQ + Ag]]C; + 99402 / |92;o|| CqTf(S(Ak'm)
= i[Ag + Ay|Cy + §24C2 — |92.';d' |27FC4 (329

Where, due to high density of modes, the summation over ko has been converted

into an integration. Further, denoting ]371°'|"'7r = Y4,

0:Cy = [i(Agp + Ag1) — 74 Cs + 924Co (3.30)
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On similar lines,

8,Cs = [i(As + A21)]C + g Co — 9572 |>n Cy
= [i(As+ A21) — 13]Cs + g23Co
8iCs = iAnCs— 95,Cy — 93,Ca + g13Cy — |95 |*nC,

= [iBy — 7|Cs — 93,Cy — 93,Cs + 9:5C) (3.31)

where, v, = |g537|?

7 and v3 = |g53%|*.

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 emisson modes. In other words

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

In conclusion, the pump field £, interacts with levels |2), |3) and |4) to form dressed
states |V,), |¥,) and |¥,) with eigenenergies -a, 0 and o respectively. The probe
beam is resonant with transitions between level |1) and the states |¥,), |¥») and |¥s)
far detunings A = -a, 0 and a in that order. For such a situation, equation (3.13)

leads to

(W,|d.E[1) # 0
(U3|d.E|1) #0
whereas

(U,]d.E|1) =0 (3.32)

The first two relations of 3.32 give rise to two resonant absorption bands at Az =

+a. The third relation implies a zero absorption at Az = 0. Unlike the earlier QI
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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 |¥,).

3.3 The Gate System

3.3.1 The Bare state picture
Calculation similar to that used for Y system are obtained for the Gate system. The

Hamiltonian 2.11 from Chapter II is used again which, in A = 1 units, is

w 0  —di.E 0 0\
0 we 0 —dgg-E; 0

H=|-ds.E, 0 wy 0 —dE (3.33)
0 —dsE, 0 wg  —dl. Bl
0 0 gl —dgB w

w; is the energy of the j™* level in terms of angular frequency.

The state vector in the 5-dimensional Hilbert space for the Gate configuration is

W) = Cq]9) + |Cs|8) + C’;[7> +4= Cs[ﬁ) i C‘S|5>

Using these two in the Schrodinger equation 10,9 = Hvy, equations for the proba-

bility amplitudes are obtained as

8,Cy = [i(Ap+ As) — (779 + 789)]Co + fdg?-g;c? + ides.£, Cg (3.34)
8,Cs = [iA, — Yes)Cs + idgg.E, "Cy + idgs.£4Cs (3.35)
8107 = [l&, - YST]CT + id;-;-g;'Cg + id?S-EJC5 (336)
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8,Cs = +id& Cy (3.38)

% are the decay rates from level j to i, introduced following reference [5, 6].
Equations 3.34 and 3.35 are solved by setting the time derivatives on the LHS to

2ero, under the assumption that the variation is negligible compared to large iA, — g3

and iA; — v57 factors. The solutions for Cy and C; are

) dgg.gp_ .Cg -+ dga.é‘, Cs
 /

: 3.39
iA; — Y8 ( )

Cy =

_dg;r.g; .Cg -+ d-,.-g,.ESCQ
=1

T —— (3.40)

Cr =

These are substituted in 3.34, and then the time derivative of Cy is set to zero under

the same arguments, which gives

B 1 (iQT.EP_d?5.£ﬂC5 dgg.(‘:p dgg.ECe
Co= F { 1y — Y57 " IAs — 768 (3.41)
Where
: |dor. £, 17 |des.E, |2
F=|i(A,+ A,) - B3 - P
lZ( # % Bad = ¥ + 18, — Y1 1D, — Y68
Substituting this into equations 3.39 and 3.40 gives
1 [dig.€;" dor.EF drs.Es Cs £ 1%dgs.£sCs]
F i (A — 757)(3As = ’Yﬁa) ($4; ~ Tsa)
1 [|dgr.ES |2d15.£,C 0n &7 dog. £ dgg.Es Cq |
G = —is |Gl Y Tty ey - (3.43)
F (i4; —57) (1A — ¥s7)(iAs — 7es) |
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Substituting these into equation 3.37 and 3.38,

50 = [ iAg — Yo + F2 |d75,85|205 + d';s-gs. dé?'g;. dgg.gp_ das-gs Cs
o iDdg— v+ Fi+F;] idy—vsr  (iQo— v+ F1 + F3)(iA, — ¥57)(iA: — 768)
(3.44)
a C _ IAQ - 9 + F} Idgﬁ.gsigcs + dés-gs. dﬁ;a-gp_‘ dQT-Ep* d—TE‘gs C')
8= | i~ gt Byt F| iAs—vs  (1Qg — 9+ F1 + F5)(iA; — ¥s57)(i1As — 7e8)
(3.45)
where
|dor.E; | |dos.E, |
AT M T

and Ag = A, + Ay, and v = Y79 = s

Equations 3.44 and 3.45 are rewritten as

90,Cs = 0505+ ¢56Ch
0,C; = &:C; + 05C
0,.Cs = 0§Cs+ 065C5
a,Cs

Il

05Cq + 0g5Cs

3

where ¢35 and ¢g5 represent the coefficients of Cs, Cg in 3.44 and ¢g and ¢gs represent

the coefficients of Cy and C5 in 3.45 respectively

The time evolution of populations will then be

8,|Cs* = 2Real(05)|Cs|* + d56CsCs + ¢3CiCs
0:|Cs|> = 2Real(0s)|Cs|* + ¢65C5Cs + 055C5C (3.46)
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and that for the coherence terms are

8,CsCy = (05 + 05)CsCq + 056|Cs|* + 03|Cs/*
CsC; = (GC5C%)"

Equations 3.44, 3.45 show that the time evolution of amplitudes Cs and Cy are
coupled to each other. The population terms in turn (3.46) are coupled to the cross
coherences C;C¢ and CsC:. 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 pssthere is assumed to be zero and the probe absorption is

caculated 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 ¢s 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

&|Cs]* = 2Real(os)|Cs|?
8|Csl* = 2Real(¢s)|Cs? (3.47)

which leads to

|C5(t)|* = exp|2Re(¢5)t]|C5(0)|?
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ICo(t)* = exp[2Re(¢6)t]|Ce(0)|’ (3.48)

where, |C5(0)|* and Cg(0)|* denote the initial populations at t=0. Figure 3.2 shows
the absorption factors ¢5 and ¢ as a function of probe detuning A,. The profile

of this curve is identical to the one obtained by density matrix solutions, showing a

resonant absorption peak at A; = 0 and two side bands at A, = ‘/|Qg-.-|2 + |Qes|?. A
better understanding of this behaviour is obtained in the dressed state picture which

is presented in the following section.

332 Dressed State picture
Operating a transformation on al the factors as C; = C'j exp(iAgt); j =5,6,7,8,9,

the equations 3.34-3.38 become,

ég Ap gsa G719 C'g Yo O 0 Co 0
g Ce|=ilge 0 O |-|Cs|-|0 2% O |Csf+ iges.Coe14+)
Cs. 9% 0 0 Cs 0 0 s Cy EgsT.Cge(‘A(':;Lg)
and
9,Cs exp(iAt) = igt.Cr
8,Csexp(iAgt) = igesCs (3.50)

gr9 = dg7€, ", gso = dos€, , 951 = dys€, and ges = ds6Cs-
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Equation 3.49 is written in the form,
8,C =iMC - ~C + D

and at A, = 0, the eigenvalues of matrix M are A = 0, +a, where a® = |gw|* + gao|*.

The diagonalizing matrix S' is obtained by arranging normalized eigenvectors as

a  igsg LG9
1
§'= 0 V294 —V2g5
av2
a —igsy  —igrg

and Carrying out the unitary transformation,

8,(S'C) = is*MSS'C - S'Y§S'C+ S'D

gives
I —-a 0 O rh 0 Iy W, D,
ol vy |l=ill 0o 0 o|l-]10 T2 OJ|-| Yy |+]|D: (3.51)
‘I’;u 0 0 « F.'s 0 I‘l lI’IH DT}
Where,
Dy = i[gggg6305+97995705] exp(—iA,t)
D, = V2[g3968C6 — 95951Cs] exp(—ilt)
Dy = *-i[gsggsscs-Fg?ags?Ca] exp(—iA,t)
and
1 :: 2 2
—_ - + g
[ = 3 [a®30 + Igss|*ves + lgrs*vs1]

r, = _1_ [|g79l2’7{68 T |989l2757}
a2
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1
[ = 202 [0:2‘?9 ~ | g89|*ve8 — |979|2’Y57]

where it is assumed that 757 = Y8. The new states are related to Bare states by

I
v, = T {an+198903+3979C’7

Yy = ;1;[9%95'8-9595'?]

1
V2a

[aC_‘g — igsgCs — igr.gC_‘T]

operating a transformation U; = U, exp(—iA,t), the equations become,

8V, = (iA,—ia—T)¥; -39, +iG
88U = (1A, = T2) W11 + V2(g3996sCs — 93957C)
0V, = (1A, +ia— ¥, -iG

Where, G = gso963Cs + §979957C5.

65

(3.52)

(3.53)

Assuming the derivatives on the LHS are negligible when iA; — I terms are large,

the solutions for ¥ become

0, = '\/§ [9599‘6306 . 95995705]
1 AT,

and

0 = (i.&s—ia—rl)@;—rs‘b;nﬂ-iG
0 = (iA,ﬂf—ia—I\)LI!me‘glIu—iG

(3.54)

(3.55)
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Solving the two equations of 3.55 simultaneoudly,

(8= dip— T~ Ts) G

b, =
S (A, -T2 +a’—T3

g, — —(iA +ia—T\~Ty)iG
! (iA, —T1)? +a?—T}

Substituting in equation 3.50,

I 968989 (= z 968979 5
3,Ce = i48,Cq - i*v—,ég (‘I’z = W;u) = Wy

_ 957978 (& _ & -
aCs = iAsC:nL&*\—/—EE (‘I’f q’!!!)+957989‘p11

From 3.56
= = =9[N, ~Ti=T4}iG
V=M =Ty T a1

Substituting this into 3.57 and writing in matrix form,

5 (Cs) ( FARRE o {,—5[963123 ’0@953 939 gr9 gs7(By — Ba)
t — = s -
Cs %97’9 957 9es gso (By — Ba) 1A, + %|QST|EB
Where
A, -T,—T3 1
B, = - I em—
! ('iA, == r1)2 + a? — r% and BZ 'iAs - F?
and

B = (Bil|gss|® + Balgrl?)

Denoting equation 3.57 as

8:05 == 9505"'95608
a:C(; = (")503'{'@5505

66

(3.56)

(3.57)

(3.58)

) (3.59)
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These two equations are similar to those of 3.46. The evolutions of populations of

ground states are then given by two equations, using,
(9;_|C5|? = Cs' L"}zCS + DCE C5

and

8,|Cs|? = C3 8:Cs + B,Cy, Ca,

BICs? = 2 Real (05)ICs + OsCyCy + 024 CiCs
and

8|Cs]* = 2 Real (©6)|Csl* + Og5C5Cy + Of5CCo (3.60)

which are similar to those of 3.46. but with coefficients © which appear to be different
from the coefficients o of 3.46. But a numerical plot of the coefficients O with respect
to the detuning A shows that they are identical. These values are plotted in figure 3.2
dong with the plots of ¢5 and ¢g, which overlap perfectly.

333 Interference between Spontaneous emission pathways

As in the case of Y system, interference between spontaneous emission modes is in-
vestigated for the Gate system aso. State vectors are taken to be combination of
bare atomic states and associated photon modes. A closed set of degenerate states are

considered,

|'L'-'> C;.p|5. (np + 2)&){‘. (ﬂ-p i 1){-');,) + CEJP[G, (n;_ + 2)@.11,, (np =T 1)0);,)
C:(T.(np + 2)wp, nyw,) + Cs8, (ng + 2)wr, npwp) + Cs|9, (nr + 1wy, nywy)

C8a4)5, (ng + 2)wr, npwy, k3o3) + CEa3l6, (ng + 2)wy, NpWwp, k3073)

+ + +

CHal7, (s + 1)wi, npwy, ksos) + C* 058, (g + 1)wr, npwy, ksos) + . ..
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The Hamiltonian is written as

M = ws|5)(5] + we|B)(B] + wr|T)(7] + wsl8)(8] + ws)9)(9)

+ igs?|7)(5lak, — igs7 15)(Tlal + igak|8) (6lar, — igss’16)(8lal,

+ 3 ig87 7Y (5lae, — 1958°15) (Tlak,e, + 19837 18) (6lak,o, — igea|6)(8lal,,,
+

ko

> ighs™19) (T]ake, — (g5 7)(9]ako, + g87%(9) (8lakso; — 1985 18)(9lal.,
ko

t t ‘ ! f i
T Wk Gk, A, + L""Pakpu‘kp T Wiyo3@ksosPhsoy + WhyoyPkioy Uk yo, T Whyos Cksos Ty o (361)

w; is the energy eigenvalue of j** level in angular frequency. k,o; denote the spon-
taneous emission photon of the i** mode, with momentum k; and polarity o;. ko,
and ksos are of different polarization states. ay, denotes annihilation operator for

‘* mode and a/:.au its creation operator. aLL and a,

spontaneous emission photon of i
are creation and annihilation operator for the strong laser and subscript k, denote the

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

: W /2 A ;
gljfw =114 (26 ;V) (1|€ko~ﬂj>

Where, €, is the polarization vector of photon ko, V is the normalization volume, ¢,

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

The equations after the unitary transformations are

6:Cy = i(Agr+ Ar5)Co + g79Cr + ggoC + Zg%mcg‘a‘ + ga8”®
8,0y = i0gCs+ gefCo” — gsoCo + Z Qho’ Cé o
0.Cr = iA5Cr+ g57C5” — greCo + Z = e
8.Cs" = —g57C
0Cs" = —gs5Cs (3.62)
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And for each mode k;o;.

k;;r:; s A ko vk kyo
0, = 1AF7CH7 - g7 Cy
¢ kyor k
drcﬁ’ M f—\abC 78 — §§”3C'a

B!Chcq = ’chk‘m _ g%a;cg
J,CHos = iABes Ok oRECy, (3.63)
where
g% = Vnp 9% g =vne g
g = Vny+1 g and Jso =V +1 gr

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

Chot = —ghnCylim [ explinky t)d

_la*aﬂ"q i
v _g aI‘J‘"C }EI’:}J { Akdgl }

a7

= —g5 9{ f, +F5(A97)] (3.64)
Ag™

The amplitude Cy is assumed to vary dowly within the time scale considered. On

amilar lines, the other equations lead to

50 no‘-. [ igj Aed ]
Cic o= —ge”Cy Ak"m' 5(A‘= 5
s{r::cf: — _'g"‘go'ac Azﬁa 4 ?F(S(;ﬁsz)
kya kya ¥ i kyos ;
Com = ~0"Cy | zam + T(A™) (3.65)
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Assuming the shift due to fluctuations i©/A,;; are aready included in the energy
eigenvaues, and denoting

t= [ lggme(ak™),

v An

fon=3.4,5and i,j=5,6, 7, 8, 9, the equations 3.62 become

0.Cy = [i(A, + As) — (779 + 189)]Co + 979C7 + g4y Chs (3.66)
9Cs = [iA, — 768]Cs + 96sC6 (3.67)
0.Cr = [iA; = v571]Cr + 95:C5 (3.68)
8Cs = —giCs (3.69)
&Cs = —gluCy (3.70)

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), 19) and [8) in the form shown in (3.52). The new levels ¥,;, ¥,,, and
W, are shifted from their original energy levels by amount -a, O and o respectively.
The probe beam connects both [5) and [6) to levels ¥,, ¥;; and V¥, respectively for
detunings A = —a 0 and a. Since |7) and [8) have componentsin al the three dressed
states, the transition probability for &l three states from [5) and |6) is nonzero, in other
words,

(U 1111114 E|5,6) # 0.
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Therefore, dl the three peaks are present and there is no transparency at zero detuning.
Even though the coherence between |7) and |8) is that of atypical 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 B) 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 m; vaues [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 €fect on probe absorption due to the coherence between the

two ground states |5) and |6). In the subsequent chapters, the efect of this coherence

on probe absorption is investigated in detail.

34 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
way, as damping rates of off-diagona 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 al the diagonal elements
of density matrix equal to one at al 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
gysem 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.
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Chapter 1V

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
amilar 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,
8,Cs = i1Dg — 79 + F 1 |95?E2C-‘5 g 957 9'.:9 G89 J6s Cs _
T iAg— v+ i+ F| iAs— 1 (iQg— v+ Fy + F)(iAs — ¥57) (1A — 768)
(4.1)
8,0 = (A —w+F ] |gesl*Cs 4 9¢s 989 97 957 Cs -
et Dy — Yo+ FL+ Fy| iA, —ves  (iDo— g + Fy + F2) (1A — ¥57) (1A, — 7e8)
(4.2)
where
lgrof? | 980l
Fo= et and Fy = —2—=
TIA, — se T A, - e
also Ag = A, + A,, and 49 = 479 = 789
(9::|C3|2 = 2 Real (¢5”Csl2 + 956CsCs + 056Cs Cs (4.3)
3£|CG|2 = 2 Real (Cbﬁ)‘cﬁ|2 + éﬁsCscﬁ. + ¢¢:,5C5.C5 (44)

If population is equally distributed between levels |5) and [6), then, |C5|* = |C5|* =

1/2 and hence, Cs = Cg = \/ﬁ Therefore, the maximum value of the coherence

= |Cs.C¢| = 0.5. Depending upon

that can develop between levels |5) and |6) is |pse
the phase of the wave functions |5) and |6), the coherence can be either +0.5 or —0.5.
In other words, a superposition state is created which consists of |5) + |6) for a +0.5
coherence or |5) — |6) for a —0.5 coherence }. Assuming that (i) the atomic system is

prepared in either one of these states and (ii) such a superposition is not destroyed due

'In this and subsequent chapters, the complete, normaized superposition state of which |5) % |6) is a
part is referred to, for the ease of readability, simply as the |5) & [6). Similarly the state which consists
|7) + |8) is referred to as the |7) £ |8) state.
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to collisons or the action of pump and probe beams, equations 4.3 and 4.4 reduce to,

8|Cs5(t)]> = 2 Real (@5 + 055).(1/2)
8|Cs(t)|* = 2 Real (¢ % 05).(1/2) (4.5)

Figures 4.1, 4.2 and 4.3 show the behaviour of o5+ @5 for three values of coherences,
viz, 0 and +1/2. Figure 4.1 shows the absorption profile for the case when coherence is
zero, which is a triplet structure obtained in the previous two chapters. The sidebands
are at Ay = £1/|gre|? + |gso /.

For coherence ps¢ — -0.5, the two sidebands disappear and only the central peak
exigs, 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 CsC; = —O05 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 pss = +0.5. The
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 adso be seen that in al these cases
the area under the curves for al 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 Il1, that the strong laser creates the 'Dressed states
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out of levels |7), 18) and |9), and that these states have eigenenergy values 0, +a. The
new eigenstates are related to Bare states by

1 - e .
o,) = Joa [Oﬂcg!g) + 1g8eC3|8) + :‘»97907’|7)]
T0) = = [g%Chl8) — g2 ChlT)
o = |9 318) — 989C7l ]
1 : L
0 = —5—[aCol9) - igssCil8) - ignCr/7)] (4.6)

where & = [gro|? + |gassl*.

On resonance, when A, = 0, the probe beam interacts with ¥,. When coherence
pss = 0, the two ground states |5) and |6) are independent. Therefore the absorption
IS proportional to the transition probability

[(Wo|d.£]5) > + |(¥old.£]6) .

which reduces to
1 2 - 2 I/ 1y )2
—lgal? [I{7|d.£15)* + [(8]d-£16)F (4.7)

Where, g2 = gr9 = ga9
At detuning Ay = *a, the probe interacts with the states ¥. and the absorption is

proportional to transition probability
(P, _|d.E]5) > + |(T,. _|d.E|6)|.

which reduces to
1

V2a

19212 [I(71d.€15)I? + 1(8)d.£16) ] (4.8)

Equation (4.7) shows the origin of the central peak leading to a nonzero absorption,
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while equation (4.8) shows the origin of the sidebands. These equations aso show that
the ratio between the heights of central peak and sidebands is 1/V2.

A nonzero coherence C5C¢ is equivadent to a superposition of ground states in the
fom |5£6). The interaction of this state with Wo... will be governed by the probabilities
(Uo-|d.£]5+6)|%2. When the coherence is positive, with C;C¢ = +0.5, the state formed

IS |5 + 6) and transition probability of its interaction with V. is given by

(O, _|dEB+6) = (V. _|dE|5) + (T, _|d.E|6Y?
- %aﬁ [1(7Id.£15) + (81d.£16)[2] # 0 49)
(Qold.£]5+6)F = [[(To|d.E]5) + (Wo|d.£]6)?]
= < [I71d.€15) - (8ld.£l6)P] = 0 (4.10)

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 C5C¢ = -0.5 the superposition state formed is |5) — [6). Tran-
gtion probability for this state interacting with the ¥ states are

(Wy,-|d.E5—6)* = [(V.-|dE|5)— (¥, -|d.E]6)"

_ %a“’ [1(71d.£15) — (8ld.£16)%] = 0 (4.12)
(Wold.E]5 — 6)]* = [(%Id-fif‘))—(\I’o1d-€lﬁ>|2]
_ %[|(7|d.£15>+<5Id-€E6>IQ]%0 (4.12)

Equation (4.11) shows a zero transition probability with ¥. which denotes absence
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of the sidebands. A non-zero probability with ¥, in (4.12) is an indication of the central
pesk.

41 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 atypical 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_ = 4;]@) — \b). This is a noncoupling state

because the transition probability

(cld.Ela) — [B)P = [{cld.Bla) — (c|d-E|b)[?
= |(ald-E|c)* + |{bld.Elc)* — 2.(ald.E|c).(bd.Elc) = 0 (4.13)

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

probability is

[(c|d.Ela+b)[* = |{c|d.E|a) + (c|d.E|b)|*
= |(ald.E|c)[* + |(bld.E|c)|* + 2.(ald.Elc).(b|d.E|c) # 0 (4.14)

A similar cancellation occurs in a V system, where two upper states iP) and lg)
form a superposition state |Q_) = vz|P—q) and a cancellation of transition probability
occurs when this state interacts with a ground state |r). Unlike the CPT condition,

the population is trapped in state |r) and not in the coherent superposition state @ .
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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-

gtion states thus formed can be generalized in following way.

Considering the set of superposition states formed

1

|P.) = —xla)+b)

P) = —=la) b
V2

: 1

1Q.) = —=iP) +14)
V&

\ e 1 (Y )

1Q-) = ;—E—mz-lq.f

wherein the individual bare states interact via a dipole transition as
(a|d.Elp) = (bld.Elg)
and

(ald.Elq) = 0 = (bld.E|p)

Then the superposition states obey dipole alowed transitions in the form

(P,|d.E|Q.) = (ald.Elp)+ (bld.Elg) # 0
(P_|d.E|Q-) = (ald.Elp) + (bld.Elg) # 0
(P.|d.E|Q-) = (ald.Elp) - (bld.Elq) = 0

and



Chapter TV. Groundstate Coherences 81

(P_-|d.E|Q.) = —(ald.E|p)+ (bld.Elg) =0 (4.15)

In short form
(P:|dE[Q:) == 6t,j: (416)

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
levd 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.

A naturally occurring phenomena is an example of this effect. Clebsch-Gordon co-
efficient for a transition between mp=0 of Si/, and mp=0 of P, is zero . A dipole

transition of the form mg = 0 & mp = 0 is therefore forbidden [19]. It is seen

that state |F = 1,mp = 0) of S5 is |F = 1,mp = 0) \/;~ —-1y10,0) |1, 3) +

\T}:f %) 10,0) ,,—%) which is a Q. state. State |F = 1,mg = 0) of Pyp is |F =

=il = 315 -0} 13D - VIR -D LY - AP L1 5. +
,3) 11,0) |3, —3) which is a Q. state. Therefore, from 4.15, the transition prob-

ability between these two states is zero. Whereas, the [F=2, mp = 0) level of Py, is
a - state and the transition S, F=1, mp & 0) —|Py;2 F=1, mg = 0) # 0. |P3p
F=1, mg = 0) level is also a Q). state and the transition probability is zero here also.
On similar arguments, |S1/2 F=2, mp = 0) level of has a nonzero transition probability
with |[P1/2 F=1, mp = 0) level of and [Si1/2 F=2, mp = 0) level has a zero transition

probability with |Py/; F=2, mp = 0).

1See appendix C for Clebsch-Gordon coefficients
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If in an experiment, a = polarized light is shone onto Sodium vapour, which connects
|F=1) to |F=1) state, it brings about a Amp = O transition. Then, the population from
mp =41 of 512 is pumped to rap = +1 of P,;; and that frommp = —1tomr=—- 1 A
fraction of this population that decays due to spontaneous emission to state mg = 0 of
S1/, gets trapped and eventually, al the population is optically pumped into this state
and trapped. State my = 0 is a natural trapped state of the atom.

42 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 p; 6) 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.

From equations 2.13-2.18

—i 9 = (At i el +dis; (05 — A7) + dirE; by (4.17)
x 1 -
—1 d:pgr e [—(A97+A75)+l(’?*9+'}39)]{Jéa)+d975p Drs
+ dos, Pl — drsEy P87 (4.18)

~i ,p%%) = (—Desti Y68) P8 + dse€, pis + ds 08Cp ‘088 — disE; Pl (4.19)

2 _
—i O,pgg = (—Dsst8i Yes)ple + o€ (osd — Psa) + dgg&, e (4.20)

_
—i 8peg = [—(Dest Agg) + 1 (189 + 7?9)]»0!()6 + dgs€, e
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+ dorEl oS ~ dug; p® (4.21)

—i 0P = (—Ar i vsr)ple + dsels PG + dis P — A€l A (4.22)

Again, pg-],), a%%’ and pE.‘;’ are neglected but p,(-,?;) is retained,

With the above assumptions, steady state solution of equation 4.19 is obtained as

dss€, "pos + dseEy prs
Pss = :
Ags — i7es

Plugging this into equation 4.18, the steady state solution for (4.18) is

s — dor&5 %) N dosE; dss€; Psg
- i 2
P 908/ Ags — iy — Z;% [Ags — i8]
= P Ags—ives ’ ’

Substituting this result into equation 4.17, we get at steady state,

d’,‘;gs_ pgﬁ)

prs = : - ' +
P
(5] 8 ¥ & iy Idglig); IE
+ e Ags — 1768

dé? £p+ i dgggp_ dsﬁgs~ P é?';)

+2 -2
. |dor&5 | . |des&, | ,
Ags — dys7 — £ £ 2 Ags — ivg — ——L—| [Ags — 1Ves]
y |dos ) ‘ Ags — 1768
Dos — Y9 — 57—
Ags — 168

(4.23)

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

obtained in Chapter Il, at equations 2.20 and 2.21. The second term contains the
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dependancy on coherence poa and pgs \)  Under the conditions that 757 = Y8 = v,
Ay = Agg = Ags = Ay = A,, which is usually the case if the Gate system is
symmetric, then the coherence psg shows the same effect that is shown by CsCy for
equations 4.3 and 4.4. That is, when pég} = pég) = p = pé? , then the probe absorption
consists of only sidebands and the central peak is absent. If p(o) = pég) = pfr,; = pg%},
then the probe absorption consists of only central peak and the sidebands are absent.

Complete cancellation of transparency effect by a coherence of -0.5 is shown by density

matrix equations also. Rewriting equation 4.23

. 9, &7 o N 9, 9pdsPie
EQPIQ 3 |91r:|2 |gp|2
Py > Frs = ————| | Fos — 7 Fys
P 95| Fo — 1901 85
* " P P Fyg

where, g75 = gss = g5, gor = gos = gp and Fj; = A;; — v;. Further, v57 = v68 = 7s,
and Ags = Ars = A,, where the equality arises out of the symmetry of the system.
Therefore, Frs = A5 — iysy = Fgg = Ags — ivss = Fy, When pn) = :I:p , taking the

common terms, the equation can be rewritten as

A 9.7 Py - 91>
5 == 2
|9p|
ol (F%— R )
R — (92
] Fs
o, gsg-_ {0 F ]99]2 1
o || (m-%)]"
F, g"l : F,
Fys — 22



Chapter IV. Groundstate Coherences &

965 088
F,
9:€ ‘p‘f,
A—iy iy
which is same as the probe absorption for a two-level atom interacting with the probe,
which is a single peaked Lorentzian. The coherence py, = — p{? has completely can-

cdled the effect of strong laser.

o ; (1) ;
A similar two-term expression for p},a can be obtained as

_ (0)
= dzg€ Pes .
1] . dgggp |2 t
Age — iv68 — |dfr5 3
Agg — iv9 — A - p_t.ﬁ—
76 — Y57

d';ﬂg [iu"(f‘ d"g pr)ﬁ

. |dos€; | |d9?5 &
Ry =g = : | |y s
e = ¥ . |dg7 & |* % =4 A — iy
Agg — Y9 —

[A 76 — i’frﬁ]

Azg — i3
[4.24)

And when the coherence is negative and equal to population, the expression reduces

to

which is the probe absorption for a two -leve atom.
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43 Stability of ground state coherence

A smple 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 pss = -0.5,
preparing the system in a superposition state Q- = (1/v/2)|5) — [6) which is generally
termed a CPT state [6, 8, 21]. Collisons 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
pss Can is examined as a function of collisona damping. The relevant set of equations,

in the matrix form is

8p=M.p+ B (4.25)
Where,
p=1(ps2s Pe2 P3s P2 P55 Pes P56 Pes)
D, 0 0 0 —2ig35 ~1055 —ig3g 0
0 D, 0 0 —ig2g —i2936 0 —19%
0 0 Dy 0 21925 1925 0 1926
0 0 0 Dy 1926 21926 1925 0
= —igss 0 igss O —2(vs2t7es) —2(ys2 — ¥s6) 0 0
0 —igs 0 gy —2(v62—765) —2(v62+ 756) 0 0
—igsg O 0 igls 0 0 — (156 + Ye5) 0
\ 0 —igs gy O v 0 0 = (56 + ¥63) /
and

B = (igys 195 —1g25 —igs 2752 2v%: 0 0)
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Where,
D, =il — (72 + 7e5) (4.26)
Dy = il — (v + 7s6) (4.27)
D3 = —ilys — (72 + ves) (4.28)
Dy = —ily — (Y2 + 7s6) (4.29)

Solving equation (4.25) for steady state, the value of ps can be obtained. -~ iS
the collisional damping rate. This damping is caused either by collisons between two
atoms of similar type or by collison with the wall. The rate can be controled in a
vgpour cell. Atom-atom collisons are controlled by the density of atoms inside the
odl and atom-wall collison can be controlled by introducing a buffer gas. Figures 4.4
and 4.5 show the variation of pss with collisonal damping. Rea and imaginary part
of ps¢ is plotted in figures 4.4 (a) and (b) respectively for a value of g5 = g = 0.2,
which is a weak beam. Different curves correspond to different detunings. It is seen
that as detuning increases, very small collisons destroy the coherencepss and its value
decreases to zero rapidly. Figure 45 (a) and 4.5 (b) show real and imaginary part of
ps% for gos — goe— — 6.0 which is a strong beam. Here, the collisions do not destroy the
coherence so easily. It takes a stronger collisona damping or more collisions, to spail
the coherence. All parameters are normalized to spontaneous emission decay 7 as in

the previous cases.

44 Conclusion
Effet 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
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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 smilar 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 wdl understood as model systems [10, 11, 12, 13]. The

following configurations can similarly be decomposed into Gate and Y.

a1
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51 Casel: F=1 - F'=1—- F'=1

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=1of Si2 , F'=l of Py, and F"=1 of D,, of a Sodium atom, denoted
as F, ' and F' respectively. Each of these leves is a triplet made up of mp=-1, 0
and 4-1. Considering the polarizations of the resonantly interacting radiations, a closer
analysis brings out several possibilities in this levd scheme. For example, it is wdl
known that a TT polarized light will bring about a Amp=0 transition and .. light will
bring about a Amg==1 transition among the atomic energy levels. Which means, that
if an unpolarized radiation, which is a sum of al possible polarizations were to be used,
at each stage, it will connect al transitions involving Amg=-1,0,+1. Thus, al possble
transitions will he connected between myp sublevels of each stage of transition between
F=l «F'=1 <F"=1 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
the probe beam be assumed to be = polarized, which connects Amg=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 asum of o, and o- beams, which causes a Amp==+1
transition. The configuration now is as shown in figure 5.2 (b). Here, the energy leves
are numbered 1,2,... 9 in the order shown for the sake of convenience.The probe beam
connects transition [5) é|7) and [6) «|8) ¢ The transition between |1) and [2) is
forbidden because of their mp=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 afect 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
= polarized probe beam does not transfer this population to other levels. As explained
in the previous chapter, the state |1) , with an mp=0, is a natural trapping state of
the system. Collisional processes can however transfer population from |1) to |5) and
16). Or an external pumping process, which can pur*P population out of level [1) and
redistribute between levels |[5) and |6) can be used. 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.£|8)5. This sign
difference occurs due to the Clebsch-Gordon coefficients for the mp=+1 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
5) 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

SThe complete, normalized superposition state of which |5) £|6) and |7) & |8) form a part are referred
to as [5) £ |6) state and |7) £ |8) state.
1See Appendix C
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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 dlowed transition but to a state of P. type will not be dlowed as:

((5] — (6])d-£(|7) + (8)) (5|d.€|7) + (6]d.£|8) =0
(5] — (6)d.E(IT) — 18)) = (5|d.E|7) — (6]d.E]8) # 0 (5.1)

This is because
(5|d.£|7) = —(6]d.£|8)

On similar lines the state [5) + |6) has a nonzero transition probability for a transition
to |7) + |8) and a zero transition probability for a transition to [7) - [8). The effect
of this change becomes relevant in the section 54 of this chapter where the coherences

between ground states created by the pump beam is taken into account.

5.2 Casell: F=2 — F'=1 — F'=1

Congder the situation when the ground level is an F=2 state of S/, level, while the
upper two levels are F = | states of P, and F”=1 of D,;; respectively. This configu-
ration, which is shown in figure 5.2, consists of five ground state sublevels interacting
with three subievels of F'=1 of P/, (See figure 52 for labeling of states). Here, [1)
~|2) transition is alowed". Therefore, the Y configuration formed by |1) , [2) , |3)
and |4) coexists with the Gate configuration formed by levels |5) , |6) , |7) , |8) and
9). Leves |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
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to strictly the Y configuration that was discussed in Chapters Il and Il1. 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=1 can

be repumped back into the configuration using incoherent pumping processes.

53 Case lll: F=l and F=2 -F'=2 «-F"~1

This configuration is a modification of an earlier study [3] wherein F=1 and F=2 of
Si2 with F'=2 of P/, were only involved. Here, F’=2 of Dy, is also used with a
strong pump laser connecting transitions between mr levels of Py, and D,/ . This
pump beam is plane polarized in Xy plane and hence connects Amp=4=1 transition.
The probe beam is made up of o~ and o lights as was the case in reference [3]. This
configuration is shown in figure 5.3. From Schrodinger equation, i9,%» = Hw, equations
are obtained for each coefficient ‘C’ as (See figure 5.3 for notations),

0.Cs, = —g57,Cn,

8:Cs, = —ilg5Cs, — 95,7,Cr,
0,Cs;, = —ils55,Cs — 95,7,Cr,
0,Cs, = —10¢,5Cs — 96,7,Cr,
&CG? = —1l¢,;5,Cs — 5’%.3,(?31
6,Csy = 1068, C8 — Qégg-,c&:

i L] L
dlcfh = 'T‘Aﬁqslcm = gﬁ.&)_cﬂz
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0:.Cr, = [~ilns — 110 + 957,05 — 97,5,Co, — 91,9,Co, + 96,7, Cé,

0:Cr, = [~iBns — 1]Cn + 951,C5 — 97,9,Co,

0,Cy, = [~iBns — Y7s)Crs + 9547:Csy + 9739:C; — 97,9,Co,

0,Cs, = ERATE ¥8,)Cs, + g6.8,Cs, — 93,9, Co,

0:Cs, = [~iDs5 ~ 78)Co + 96,8,C6s + 6:8:Co0 — 98195 Coy — gy, Cos

9,Co, = |=iBos —79)Cs + 97,9,Cr + 98,9.Cs,

Oico, = [-ilo5 —79,]Co; + 97,9,Cr, + 97,9,C,

0:Coy = [—ilgys — ¥o3)C; + 97:9,C7,Cry + 98,9, C,

0.Co, = [—ilo,s — 79.)Co, + 97,9.Cr15

0iCoy = [—iAgss — Yo5]Coy + 98,9, Cs, (5.2)

Here, g;; = id,;.E.

It can be seen that there are two uncoupled systems, one consisting of levels [9;),
|72}, 92), 171), [51), [62), 91), [81), [61)and another of levels 94), |73), |53), [93), |82), [63),
64), [95). Using the method followed in Chapter II, the probe absorption is assumed

equivalent to the loss of population from ground levels. It can thus be determined from

. . [gﬁlal‘2
azcﬁl = |=ilgs — 8.0 |2 Cﬁl
‘A + 19
oin W T,
+ gﬁ.|8|g3.191g7[919739'195272052

‘9819| |2

[iATZr’l i ‘TT?] [iAda + ’sz] [iﬂds + ‘}'d:i] [1Ad4 o "}fd‘] [iAslsl N e
'lAd‘ + Y4,

951819§|9|97|9195171 C5z & g§13195.19|9719196271061 ) (5 3)
2 \
(180 + Yas] [1Ag, + ] {malsl + %, + %5’_8_:_91_|_]

184q + 74,
. |£’5'? |2
—ilgs, ~ —2bl__ |
19 iﬁh? ‘i"'}’h, 5

.|_

8.Cs,
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93,7,97,8,97,9, 95,7, C5,
[iAn, + Yhy) [iB8, + 1] [iAg, + 74,]

gs'ngg;-jgngnggsz'rl CG?
[iAh; + Hﬁlg] [iAr"u + ’th] [iAQ'l + ‘YQ}]

95,7,97.9,97,9, 98,9, 98,9, 96,8, Cé, (5.4)
[iA’lz + 'Yhi] [iAhl + 7’11] [iAyi + 791] [""API + 'Yf'l] [iA'alsl + ﬁfﬁnl

: | 96,7, > 96,7,957,Cs

0% = |$8gs, = oial |y . SO TN,
g(;;'n'lghgxgslglgﬁlglcﬁl

[iAJ’ i FYf] [IiAdl + ‘Ydi] [?:Aalfh + 73|]

96,7,9719,97,9, 95,7, C, (5.5)
1A + 7] [IAg, + 7a,) [A7,5, + 77

_ |95171|‘2 CF _ g‘:)l'flgs!?] CG'J 951719‘;19,.98.9196181 Cs;
lAf + 'Tf K I'Af + ‘Yf [1AJ‘ + ‘T.f] [iAdl + ’Yd-l] [1A8|51 + 781]

9%.7,97,9,97:9:95,7,C5, -
[1Af + ] [1Ad; + Vap) [{ A5, + ¥7,]

for the one set, where

. Ig319| !2
iAg, + 74, = D3 T, + o —t—
dy 'Td] 90 'Yg ?’ASISI + ‘}'31
. y |97:9212
IAda TV = iAg,s, Lk 'iAsz + 71
197191l2
. o L4 + P | ../ T ||
1'Ad;; + '}fda IAﬂ"l.5l + ’TTI iAd: + 'de
|9'.'191|2

lAd‘ + ‘Yd‘ = 1A9151 + 791 == iAd! + 'Yd:
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|97|91I2 197193'2

i'Adl + ‘Ydl iAdz + ‘sz

Qs+ = Qs+, +

|93|9| Ig

1D +79q = Qg5 +7, + -
1 1 1 1 5A8151 + 78,
iA + v = QA? 5, + Y1, + M
g1 a1 191 1 iAﬂ +‘Tri
A |97.9 |2
1A = 1Ag,;s 9, + —————
h+ Y 9,5 T V9, Dy

And for the other set absorption can be determined from the equations,

. Jgﬁasglz gﬁ'gaggsﬁsicﬁl
A {mm 1A+ e G TAVE
b : 9638295-‘:9397393953731053 (5?)
[EAQ -+ ‘Ta] [LA;, A *y;,] [ZAC + ‘75]
. lgﬁef}z |2 gﬁ.¢8295332 Cﬁs
e, = [mﬁ“s‘ A+ Ch A+ 7
+ 96483952939739395373053 (58)

[iAa ;i ‘}a] [IAb I ’Yb] [ZAF + “J’c]

P | 95,7512 o+ 9547597,9,98:9: 9658, C6s + 95,7, 97,9, 98:9, 9648, Cs
Chelly = | A | B [EAL + ] [iAL + ] [iA] + 7]

(5.9)

Where,

97,94/

] = ilAqs + ——
1Ay + Ya 1Q75, + Ty iAous, + 7o,

|97393 |2

idp+v = 1Qgps + 79 T 7
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| 2

198-393 |.‘?3-_195 |2
1Dp+ v 1Dos + Yo,

A+ = 1lg,s + 78, +

Al ' ; |93295|2
lAa Ty = LA,a,Qal + ‘}'32 + —
Aggs, + Y95
98,9,/
o & ! . 4 | 829
Byt = 1o+t
12, + Ya
97,9, 1 97,9,/
IA; -+ '}'; = éA';.J,;_, + Yy T ! S

IAE, + 7&: ';AQESL + ’YQJ

Figure 54 shows the behaviour of absorption determined from the coefficients of
equations 8,|C;|* = f(A)|C;}, for variation of detuning A. A here denotes the probe
detuning involving al 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 Il 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 i6;) and 164). It indicates presence of two sets of sidebands with
a zero absorption at the line center. Population loss from state [53) shows a similar
behaviour (figure 5.4 b). Population loss from states |5,) and [62) (figure 5.4 ¢) and,
16;) and |5,) (figure 54 d) on the other hand shows a central absorption band aong
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 Il and Il 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
163), |64) and |53) can bejudged as a combination of Y systems and the configuration
formed by levels |5,), |52), |6;) and |6,) can be judged a combination of Gate systems.
From the figures in 5.4, al the coupled Y systems having a zero absorption a A ~ 0,
while the coupled Gates have an absorption peak at A = 0.

The fact to be noted is that, the configuration [53) - |73) - |95) — |8,) —|6) appears
to be a candidate for a Gate . But, it is a combination of two Y systems formed out of
94) - |7a) - |53) - |93) and [9s) - |82) - (163), [64)) - [95), coupled at |93). This leads to an
absorption profile which has a zero at resonance. Similarly, [9;) - |71) — [62) — [9;) does
not form a Y configuration. It consists of two Gates [52) - [72) - |9;) - (|51), |62)) and
(151),162))— 171)—191)— [81)—16,). Thus, it givesaprofile which has anonzero absorption
on resonance. Also, absorption from levels |6;) and |6,) are identical (figure 54 (a)).
Absorption from levels |5;) and |6,) are identical and so are absorption from levels |6,)
and [5,). This shows that the coherence effect affecting these absorption profiles are
identical. This identity is obvioudly lost if the difference in oscillator strengths between
these transitions are taken into account. Because the vaues of oscillator strengths
between F=I < F=1 transitions are different from those for F=2 «~F=1 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 al Gate -like systems show a reduced
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but nonzero absorption on resonance. In either cases, sidebands of absorption profiles
dow 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
usudly assumed that each fidd 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 |du. E|?/Ags,Where d,, is the dipole moment of the transition and A.. the
detuning. When the detuning A,,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 |d...E|*/Aucan 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
F=1 «F=1 «F'=1 case where the df resonant action of the pump beam on probe
transition and that of probe beam on pump transition is aso 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 wesk 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
dso analyse the dressed states of the system and show that the results obtained are
In agreement with the results of Chapter 1V, where the effect of additional coherences

were 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

H o= Sudilil
~ gt [1)(7] - glye0 1)
- gzsﬂﬁ_mu)|2><5| - QEBC(FWU}|2>(6| - Qize(mt)ﬂ)(‘?‘l - ggze(‘“’“)|2)(4|
—  gue 7 H3)(2] — gare et [3)(T| — gazel]4) (2] — gusel |4} (8]
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= gk, e(w.n]5>(2| = 937"7[5)(7 - Fgaelint|6) (2] = Gigeliest) gy (8]
- 7Y (1] — grae®P|T) (3] — grsel-iunt)| T) (5] = ggretiunn)|7) (9]
~ guel w>[8>< 1] = gaye™*?18) (4] ~ gusel-s1|8) (6] — Figetiert 8)(9)
—  ggrel|9)(7| — gose’ 1|9y (8]

w;, 1 =12,...,9 are the energy values of leve i, in angular frequencies. Note in
this configuration the leve [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 usua

mannher as

Op = —i[H,p] -

Ap contains the decay terms that follow the master equation

(Lpli; = =6, Z 2YikPrk + (Z Yei T Z’ij) Pij-

k#1 k#1 k+#j

The Rotating Wave Transformation (RWT) is operated on the resulting equations

by denoting

pij = pijexp(—iwyt); fori=5.6,17=7.2,8
pi; = pijexp(—iwgt); fori=7,2,8 j= 3,4,9
pi; = pijexp(—i(wy +wp)t); fori=5,6,1; j=3,49 (5.10)

Physically, this corresponds to the lower transitions of |7), |8) and|2) with |5), [6) and

> being resonant with the probe beam at frequency w»» and the upper transitions
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of 3) , 4 and [9) with [7) .J8) and |2) being resonant with the pump beam at

frequency w;. The detunings are denoted as

Ay = (wrg2—wse1) — wp
A, = (w3.4.9 - w?,s.z) — Wy
Ap = (&-’7.8.2 = ws,s,i) —Wr.

A is the detuning between the pump beam and the lower transitions. Notations of
detunings are changed here from previous chapters for the sake of convinience. A, is
the detuning of the probe beam and A, is the detuning of the pump beam with F'=1

—F"=1 transitions.

The difference between the pump and probe laser frequencies is denoted by wip =

w; — wy,. The relation between A, and A, is then obtained as

Ap = (u-'?,a.z . ws,s.l) — Wp
= (wrg2— Wse,1) — Wp — wp +wy
= (wrs2 — wWse1) —wWr — Wy + Wy

= AL+uLp. (5-11)

The resulting density matrix equation for the slowly varying time dependant parts can
then be cast as

8,p = Ap+ LM, 5+ e wrsltpr 54 I (5.12)
Here, Iy is a (80 x 1) column vector containing the inhomogeneous terms which arise
out of eliminating p;; using the closedness condition p;; = 1 — (py + pas + pu + pss +
pse T P17+ pss + pog). A is a (80 x 80) square matrix containing coupling terms which
are time independent after RWT and M. are two (80 x 80) square matrices containing

coupling terms related to probe absorption.



Chapter V. Configurationsin Real atomic systems 106

Now setting the time derivative to zero for calculating the steady state solution of
512 is invalid since the right hand side contains time dependent terms. In the modified

picture, the vector p is written as a series,
p=) eNu-ulsN. N =0,+1,+2, +3,... (5.13)
Differentiating this with respect to time and substituting in 5.12,

815" = (A —iN(wp —wp)) p% + M.V 1 + M_g"* + Ipbwo (5.14)

Equating terms with the same power of exp(i(w; — wp)t), and then setting the time

derivative zero, the steady state results are obtained as

AP+ M p '+ M pt = =1 for N =0
[A—i(w —w)]p '+ M.PP+Mp2 = 0 for N =1
[A—2i(w, —w)] P2+ M.+ M5 = 0 for N =2

and so on (5.15)

A general recurrence rule can be written for N>0

[A—iN(w, —w,)] + M. X3+ M_XN"1 =0 (5.16)

where,

and

X‘;l - ﬁx\’-l(ﬁ;‘d)—l

Which results in
M.

9.17
A_i(wL_wp)+M_XN+i ( )

Xn=-
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wheae N = 0.1,2,3,... Similarly, for m<0,

[A+im(w, —wy)]+ M (X )+ M (X_,,)=0 (5.18)

Where

>
3L
[

[oa—m(ﬁ—m*l)‘l] h
IY_m—I = ﬁ—m-—l(ﬁ- m)_]

fom=0, 1, 2, 3.

This gives the result,

M_
Koy = = , .
A+im(wp —wp) +meX_ oy (5.19)

From (5.15),

I
0 __ 0
B A+ M. X  + M X, (5.20)

Other results follow from,

= X! For N > 0 (5.21)

p™ = X _ap ™ Form < 0 (5.22)

Using these equations, p*V to any desired order N in the expression 5.13 can be obtained.

Using the inverse of the rotation transformation 5.10 one has,

prs = exp(—iwyt)

s
E= exp _%wp [ (7% "(H I(WL u-fp!) _+_p(+2) +2i{wy - w},t) )
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6'{751}6 HOTES up£)+p( 2) ~2i{uL—..rpt)”.

Therefore, pi2) = exp(—iw,t)A%y is the term which is related to the probe absorption.

On similar lines the other terms of probe absorption are obtained

pse = exp(—iwyt)pgs

= exp(—iwpt) [pSB) +p '(+1) l(...*[,—up:)

o o) 4 g e Blmupt) ]

L ﬁ{+2) +2i(wp —wpt) o

pyr = exp(—iw,t)ps

= exp(—iwyt) [ﬁg{? 4 ﬁg;l}el(.d;,—u;pt) + p(+2) # 2w -wpt)

1) —i(wp—w ~(—2) ~N(wp-w
pg ) fL P)+p:(;7 )e—(n ﬂ‘]'_.]
pis = exp(—iwyt)pqs

— exp(—lUJLt) [06(1%} 4 ﬁg(;;hel(di' —wyt) 4 ﬁg-gz)e-2tfa:;_—_fp!} o

=(=1) —i(wp-w ~(=2) 2w -w
pgs Je (L Pt)+p£8 )e 2(L PI)-.-]

The total time-averaged probe absorption for w, field is then given by

d?aP.J s dprgﬁ 4 dJ,P'n # d«taP(H)-

The numerical results obtained using the above procedure are presented in Figures
5.6 and 5.7. All the parameters are normalized to the coherence decays vs; = 76 =
Y25 = Y6 = y71 = Ys1- The coherence decays Yo7 = Y98 = Yar = Yag = Va2 = Y3 are
assumed to be 0.25. The probe beam Rabi frequency is 0.2 and the pump beam Rabi
frequency is 10.0. The pump laser is assumed to be resonant with the [3) «2) «|4)
and |7) «|9) «|8) transitions. Therefore A, = 0. The probe beam is scanned

varying A,. Different values of Az, which is the detuning of the pump laser beam with
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respect to the probe transition, are used for these calculations. The pump beam which
is resonant with F'=1 «F”=1 transition can not be in resonance with the F=| «F'=1
transition also because the energy levd structure in normal atoms is not equidistant.
Conforming to normal atomic energy structure, A; = 0 case is not considered. The
numerica 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 collison damping. Plots in Figure 5.7 are

for a collison damping rate of 0.5.

Figures 5.6 (@) and (b) show three absorption peaks for al these values of A;. The
peaks are labeled I, Il and I 11. The peak spectrum is asymmetric, but as the detuning A/,
is increased, the peaks labeled | and Il approach a symmetric position about &, =
point as seen in figure 56 (b). There is a clear transparency a A, = 0 for larger
detunings though, as seen in figure 5.6 (a), an absorption peak Il isjust df the &, =0
point. In section 5.1 of this chapter, the case F=1 «F'=1 «F’=1 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 11. 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=1 «F'=1 transition.

Figures 57 (@) and (b) reiterate the results of figure 5.6. The efect of a finite
collison damping rate is clearly seen as an increase in the width of al absorption
peaks. The peaks labeled |, 11 and 11l occupy the same frequency position as in figure
56 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 1l for the transparency effect induced

by the coherences, the dynamical equation for p75 is written as

i Oiprs = [Ars—i (v +75)]prs — dnnEnprse™ Wt — di £5 fyge (L)t
—  do5.Er5(pss — Prr) — oy EgrPes + das . Exsprye 1, (5.23)

: ; ~(0) i T
The corresponding equation for pf~5 term from above equation is

= . (0 2 . o+ (0 -(0
i Oip (O = [Am—i (v + ) ]Pgs) = d71.€?1p§5 — dy.E5 »035 dTa-STB(P:(as) = '(TT))
* . ‘-}
dg-'--gg-r'p95 -+ df}) E}SPTZ )' (524)

_(0
Consequently the steady state value of P£ ) can be written as
a . By i ~(0) 0 ~(+]
~(0) _ d?l-fﬂprr + dj; Eq-ﬁgal] + dis. 57’(’9'5 _ pg-,- ) + dir. &;7,0( = dis. E}Fpgg | (5.25)

; [Ars —i (v + 7))y

[t was shown in the analysis of the Gate system in chapter II, that the steady state

value of probe absorption ps; is governed by the equation

B = d75.E75 (pd-) pr7) 4 d97.£g?995 . (5‘26)
(A =i (yr+75)]  [Ams =i (v +5))

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 1, that this term is of a magnitude less than the magnitude
required to cancel the central absorption peak. Therefore, the residua 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 p-7 — pss. In all there are four such coherence terms, viz, £
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which was present in the Gate configuration and the three new terms p;5, p3s and pr.
These terms are readily seen as contributions from various three level configurations
that the pump and probe beams form in connection with the two levd transition [5)
«[7) . That is, the term p;5 is the coherence term of the A system formed with |5) ,
'7) and [1) ; pss is the contribution of the ladder |5) < [7) « [3) ; pes is the coherence
term of the ladder |5) < [7) < |9) and findly 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

simultaneoudly.

On similar lines, the other leg of the probe absorption pgs can be shown to follow

equation

~(=1) " & wld] -(0 ~(0 s e =(0 ~(+1
20y dﬂi&*_iﬂiﬁ + dig-isPis  + dSG'ESG(pf(iG} = P:(%s)) + dgsggspés) = d?G-E%sz ) (5.27)

o [Ass — i (Y6 + 7s)]

This shows that the absorption of probe between levels |6) and |8) is modified by
four coherence terms, viz., pis, which is a coherence due to the A configuration formed
out of |6) , |8) and (1), ps, which is a coherence term of the ladder [6) «|8) «|4),

pes Of the ladder of |6) , |8) and [9) and ps2, which is the coherence term of the V

system of > , B> and |2) .

Figure 5.6.1 shows individual factors that make up the p75leg of the probe absorp-
tion. The plots marked a, b, ¢, d and e show respectively

[ (+1)
1

pis
A = Im - ’
[A7s = i(yr + s))
i p(+1) 1
B = Im 2
_[A?s —i(yr + ’Ts]]_
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( goﬁ = PT?)
C = IIH "
_[Am (‘Y? g o ‘YS)]
—3 ( } =
Pgs
D = Im '
[Ars —i(y7 +75)]
,0(21) —
EF = Im .
_[ATS —i(yr + ’Ts)]_

Plot f shows the sum of dl these factors at A, = 10.0. Figure 5.6.2 show behaviour
of these factors for Ay — 50.0. Figures 5.6.3, figure 5.6.4, figure 5.6.5 and figure 5.6.6
ghow the variation of these factors for A; = 100, 150,200 and 500 respectively.

Factor C is a contribution from the population difference pn - pss which results
in the absorption peak at the line center A, —~ 0. The central peak of the factor
D — Im'| pls [AT5 - i(y; + ¥:)]] 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 [pg)/[A75 —i(y + 'yr)] 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 | and Il of figure 56 (a).
Peak number 11 is a contribution from the coherence A = Im l p1s MATS - i(y + 75)] I
Factors B and E are very smal in magnitude to affect the values of other factors in any
way. The behaviour of the pss 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

Ap = 100.0. For other detunings, these factors show a similar behaviour.
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The figure 5.6.A.a shows

Ars (+1) Y
AR= ——— Imyp;;’ and AL= 1 (+1)
AL + 52 Pi AL § 2 Im pjs5 7.
Figure 5.6.A.b shows
BR= 58 Impl;" and BL=—" [mp{+V
While figure 5.6.c shows
DR = —9— Imp{Y and DL=-—T _ ImpQ.
Ags +7° Az + 72 &
and factors plotted in figure 5.6.A.d are
BB et Tl apd B st i Y
Ads + 742 A2 + 42

Y = Y7 + s is the decay term of the coherence prs. Figure 5.6.a shows that the peak
IIT is a result of factors AR and BR. The factor DL cancels the absorption due to
factor C. The peaks I and II are result of factor DR. The peak number III on the other

hand, which is at A, = A, position is a result of p;5 and pi¢ affecting the absorption

of pig + Pig -

At the position A,= A,, both the probe and pump beams are detuned equally from
the F=l «F'=1 transition. Since both beams are detuned the population is distributed
mostly in the three ground states |5) , |6) and [1) . Asthe population in states of F'=|
is very negligible, the transition F'=1 «—F"”=1 can be neglected. The configuration can
then be seen as a sixlevel configuration involving only F=l «<F'=1 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.

54.2 Dressed State analysis

For a further understanding of the coherence developed by the pump beams, an anal-
yss 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 alowed transitions between the states
of X and Diamond. On the other hand, the total configuration can dso be anaysed
as a combination of a double A and a double V, where the A formed out of levels B>
2) and [6) interacts with the A [7) » [9) and |8) through the probe beams and the
V system of |[7) , |1) and |8) interact with that of |3) , |2) and P> through probe
beams. It is shown here that as A isincreased, 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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/Ag =925 —G% —Gx Gi2)

~g3s 0 0 0 0
Hx=1| -9 0O 0 0 0

— (32 0 0 Az 0

—~gi O 0 0 Ay )

The detunings are defined as A; = w; —w; —w;, where w; are the angular frequency
energy value of level |i) for i = 2.3.4,5,6 and w is the frequency of the pump laser.

The coupling coefficients are defined 9i; = d,;.&;;.

Figure 5.10 (a) shows numerical eigenvalue of this hamiltonian for a variation in Aj.
A value g;; = 10.0 is used. A3 = A, are detuning between the pump beam and F'=1
—F"=1 transition. Since the pump beam is assumed resonant with this transition,
their value is set to Ay = A; = 0. The detuning between the pump beam and F+1
«F'=1 transition is A; = A;. The numerical results show that of the five eigenvalues,
two of the eigenvalues are 0 and Ar. The other three eigenvalues are determined by
function of A; and |g|*. The inset shows that of these three eigenvalues, two reach an

asymptotic limit of Az £ V2/g| as A, increases.

The diamond system has a hamiltonian
0 -9n -gan O
—gn A 0 — 997
Hp =
-gnn 0 Ag  —goa

0 —Qor —gos Qg

Numerical values of eigenenergies of this hamiltonian is shown in figure 5.10 (b) for
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a variation of A;. The values G7; = gs; = gog = go7 = 10.0, Ag =0 and A; = Az = Ay
are used. Of the four eigenvalues, one has a value equal to A; and the other three are
functions of A; and |g|>. Again, the inset shows that two of the eigenvalues approach
AL £ V2|g| = Ay +14.141 for large Ar. Further, the four eigenvalues of Diamond are

degenerate with four eigenvalues of X.

The set of five eigenvalues of X configuration form a ladder, each set of five separated
by energy of a single photon of pump beam. Similar ladder is formed by the set of
four eigenvalues of Diamond configuration. Figure 5.11 (a) shows such a set at same
photon number value; where the four eigenvalues of diamond, named D), D,, D3 and
D, are degenerate with four of the X - eigenvalues, X;, X,, X3 and X;. The eigenstate
corresponding to (1/v/2)(|5) —|6)) does not have a corresponding state in the Diamond
system. The probe beam now connects states of X configuration from one such set to
those of Diamond configuration of the set with higher energy as shown in figure 5.11
(b). Then, the absorption peaks should occur whenever wp = D; 4+ w — X;, where

i=1, 2, 3, 4 and j = 1,..,5. Rewritten,

Wp = ‘DI W — XJ'
wp—wy = Dy—X;
wp, = D;—-X; (5.28)

Substituting from equation (5.11), absorption peaks should occur at
A, =4 — (D - X;). (5.29)

But their appearance also depends on the nonzero values of the dipole transitions

between the corresponding dressed eigenstates.
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From the numerical values, the eigenvectors of X and Diamond configurations can

be constructed as

X1 = —zul2) + z12(3) + [4)) + z13(|5) + [6))
X, = (.707|3) — 0.7074)

X = £32) + z3(|3) +]4)) — z33(]5) + 6))
X, = (.707]5) — 0.707/6)

Xs = #£51]2) + z52(|3) + [4)) + z53(]5) + 6))

D, = dull) —dp(|7) +8)) +di3]9)

D, = 0.707|7) — 0.707|8)

Dy = —~da|l) + dsa(|7) + 8)) + ds3l9)

Dy = —dy|1) —dp(|7) +8)) — dyal9) (5.30)

where z;; and di; are coefficients whose value depends upon A, and the pump beam

intensity.

Extending the selection rules for transitions between superposition states (4.17)
of Chapter 1V, and its modification due to signs of dipole matrix elements (5.1), the

dlowed transitions for the probe beam for the full nine-level system can be represented

as

- |4) (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, <« D34 and
X235 «» D,. All other transitions have a zero transition probability. The state X, isa
state of the form [5) - |6) state. This is atrapping state and in the absence of the probe
beam, all the population is trapped in this state. Coallisions 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 56 (a) and (b), the strong absorption
signals then are for transitions between X, « D34 The three absorption peaks shown
in figure 5.6 (&) and (b) should then correspond to three transitions X; « D, X; « D,
and Xy « D,. Table 5.1 shows the A values corresponding to each X, < D, transition,
according to (5.29) where i = 1, 3, 4. The absorption peaks numbered I, Il and Il
in figure 5.6 () and (b) are seen to exactly match these frequencies. This leads to the

conclusion that the three peaks correspond to the transitions

}(4 — Dl — I
Xies Dy = II
X, 00, = Jir

In presence of collisions, population is transferred to other lower states from X, and
the probe beam absorption should show transitions from these states of X to alowed
states of D. Absorption profiles in presence of a collisiona damping v. = 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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A, ] Db | I | Dy | 1 | Dy | I |
10.0 | 28.136 | -18.136 | 5.29 | 4.706 |-13.429 | 23.429
50.0 | 65.744 | -15.744 | 38.23 |[11.767 | 3.97 | 53.97
100.0 [ 115.038 | -15.0381 | 86.9611 | 13.038 | -1.99 | 101.99
150.0 | 164.76 | -14.76 | 136.57 | 13.43 | -1.33 | 151.33
200.0 | 214.61 | -14.615 | 186.38 | 13.62 | -0.999 | -200.99
500.0 | 514.338 | -14.338 | 486.062 | 13.938 | -0.4 500.4

Table 5.1:

(A | X5 | Dy | c |
100 | -13.42 | 100 | 13.42
50.0 | -3.97827 | 50.0 | 3.97827
100.0 | -1.999 | 100.0 | 1.999
150.0 | -1.333 | 150.0 | 1.3333
2000 | -0.998 | 200.0 | 0.998
5000 | -0.088 | 500.0 | 0.088

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
X5, which is of energy lower than that of X,. This additional line 'c’ is then identified
to correspond to transition X; < D,. Contributions from other levels are very little.
The position of the peak labeled 'c' corresponds to the frequency of transition between
X5 and D, which is shown in table 5.2.

Position of the peaks numbered I, 1l and IIl 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=I and F”=1. This configuration
can be divided into double A and double V subconfigurations. Levels |5) , |2) , |6) and
levds [/> . |9) , B> form the two A systems and levels [1) , [/> , |8) and levds |3),
|2), [4) 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

A domain gives the two symmetric peaks | and Il.

For the double A case, the lower A forms three eigenstates,
5) — 16)
2) + [5) + [6)
and
—[2) +15) + 16)
With eigenvalues 0 and ﬂ@, respectively where a? = |gas|* + |926/*. The upper
A forms three eigenstates with
7) - 18)
9) + |7) + [8)
and

—[9) +17) +18)
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with eigenvalue 0, *ay, where a2 = |gq; | + |ges|?.

For go7 = ges = 10.0, which is used in the numerical calculation, the eigenvalue
a = V200 = £14.141. Figures 5.10 (a) and 5.10 (b) show that two eigenvalues asymp-

rotically reach Ay + a. Such a system shows two absorption peaks at A, = +a;.

Similarly the lower V of the Double V system results in three eigenstates

17) — 18)

1) + [7) + |8)

—

and

—[1) +17) +18)

; . .QL:)i’Agﬂlcrz : y ;
with energies values Ay and ; L, respectively where a3 = |g71|° + |gs1/%, and the

upper V gives three eigenstates

13) — [4)
2) +13) +14)
and

—[2) +13) +14)

with eigenvalues 0 and +ay4, where ai = [g3|* + |gs2/?, which will also result in

resonance peaks at A, = £/a.

Numerical values of z;; and d;; 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, = 500.0, approach A, = ta. But the double A and double V

picture does not explain the presence of peak IlI.
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At A, — 0, the maximum contribution to absorption should have been from the
resonant transition X, = 0.707(|%) - |6)) « D, = 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 &, = 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 aso is in accordance with the results
of Chapter V. 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=I «F’=1 transition. Since this
coherence is destroyed by collisona dampings and therefore, a measure of transparency

can be used to determine the collisiona decay rates.

5.4.4 Conclusion

Three configurations in Sodium -like atomic systems are discussed where Y and Gate
configurations can be readlized. 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=1 «F'=1 «F"'=1. 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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, Gate system. As callisons destroy the coherence created by the pump beam, the
absorption profile is a three peaked signature of the Gate 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

125
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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 atypical
three level case, one of the relevant dynamic equation, recaled from equation 1.3 of
Chapter 1, is

:  deg & e &
8”9*'5* - [‘(w - wf‘g) - P}(fg)peg - thl(pee - pgg) + t_h_'zﬂmg

Such system can show gain if contribution from from pmg can exceed that from
p. — Pgg [1]. In this case, energy from the strong laser is transferred into the signa
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 I,

Opr1 = —Apput 2v12p00—i ildn &, pra- i dy&; " py
Oip22 = Myppr—271200+4 V01 2Y0upartt iddy E] pro—iiddy, €, * por—tiddsE, pos
14 dézg:'Paz — i dgp€, pu t+ i dip€, P

0:pa3 ~2vnpn + 1 d3k,f pas — i dip€, " pu

Ops = ~27uPu 1 de€, pu — 1 A€ " pay (6.1)

Rest of the equations for coherence terms remain unchanged, as

Op2 = (i Bs—m2)pr2— i dy & (P11 — pa2) — @ ds2€, pra — i Az, pra

Opris = [i (Bs+ Bp) — yaalpra + i d3 & " pon — 1 A3, p1a

Bpra = [i (BstBp) —yulora + i d31E; " oo — i ;" pro

Opas = [iAp— (1a2+ Y23)]p2a + 1 dn€, p13 — i dizgg'(ﬁ’zz — pa3) +i dizgp_'Pu
Opae = [1 Bp— (M2t M20)lp2s + i dpn€, Prq — i A, " (P22 — paa) + 1 dip€, " Py

Oipsa = [i Aza — (V3 + 720)lp3a + i dso&y 004 — i d3yE, " paa (6.2)
and their complex conjugates.
A;; is the pumping term from level i to level j.

Equations (6.1) and (6.2) are solved for steady state as in chapter IL. p,; is eliminated

using the completeness condition piy = 1 — (py + pag + pay) which leads to the equation
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in matrix form

6:%"):3’1"&'{'93

Steady state solutions of the above are obtained by setting d,w = 0, and using the

relation
Y(oo) = —M™'¢,

where M ! denotes inverse of matrix M.

Figure 6.1 (@) shows imaginary part of p,; for an incoherent pumping parameter
A1, = 19. Negative vaue 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 |2) is less than that of levd |[1).

To analyse the results, the dressed states of the system formed are looked into.
From equation 3.13 of Chapter |11, the dressed states are given by

v, x G2 G42 |2)
1
U, | = —= 0 — (- 4 3 6.3
2 a\/§ 942 932 | ) (6.3)
U,y - 32 a2 |4>

It can be seen that the levd |2) forms a part of only ¥, and V;. Therefore the
position of gain seen in figure 6.1 (a) can immediately be attributed to the transition
from the dressed states ¥; and U, to leve |1).

Further, equation 6.3 can be written in as

|¥) = §'|¥)
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and its conjugate as
(P =(¥|S
where [¥) = (|¥;) [@) [¥3)), ¥ =([2) [3) |4)) and the diagonalizing matrix is
@ g2 Qg

1
St::ﬁ 0 -9 g3

—a 032 g4

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 ¥, is zero. Populations of both ¥, and ¥, are less than population of

level |1), showing that there is no inversion in the dressed state basis either.

Figure 6.2 (@) shows the gain profile for A;; = 20. 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 ¥; and V3 for this case are shown in figure 6.2 (c). Population of

¥, 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 afinite 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 1V

as,
Aol | dyEy dosE, dseE, psd
. Frs Fi5 Fos Fgs
where

. |dg7&; |?

Frs = Ars — 17ys7 — Fg:
|dos€, o
Fos = Qg5 — iY9 — 4
95 95 Yo Fas
Fgs = Dgs— 178 (6.4)
and

dee€; pé%) 4 deg€, "dar€, dse€y Pg%)
Pes = Fge Fis Fos Fre

where

. |dosE, |

A o |dgr &, |*
Fge = 96 — Y9 FTB
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Frg = QA —iysy (6-5)

Effect of pse = 05 was shown in Chapter IV where pss = 0.5 resulted in a
complete transparency and P5s = —05 resulted in a complete absorption. Since psg is
a complex quantity, its phase and amplitude can be varied independently. Figures 6.3
(@ and 6.3 (b) show effect of a complex pss. Figure 6.3 (&) shows imaginary prs for
pse = 0.3+1 0.3 as a function of probe detuning. Figure 6.3 (b) shows imaginary pse for
the same. Figure 6.3 (c) shows total absorption which is the sum Imaginary (prs +pPse).
It is seen that, since the two absorption profiles are symmetric about zero, gain in one

of the arm is cancelled by absorption in the other, and there is no net gain.

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 X4 —0.707(J5) — [7)). An
incoherent pumping process can then be adopted to achieve gain in the system. Such a
pumping can be achieved by either a = polarized light, which pumps population from
[5) and |6) to [7) and [8) , or by o. light which pumps population from |1) to |7)
and |8) , aswel as from |5) and [6) to |2) . Since two trapping states, |5-6) and |I) ,
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
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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 al the parameters being scaled to the
coherence decay vs;. 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
Ay = 100. The incoherent pumping parameter A = A5 = Agg = A2 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. A, =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
A, = —045 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 D, « X5 transition, which is seen in figure 6.5 (b) as
developing into a gain profile. 1t can be inferred from this that the incoherent pumping
process transfers population predominantly into D: = 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) , 60 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 inverson. Figure 6.6 (c) shows populations of the

two dressed states which are involved in the transition. Population of Xs is plotted
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with respect to left y-axis shown as a solid line and the population of D, is plotted
with respect to theright y-axis by the dashed line. Population of D, 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, a A, = —045, 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 anindication of gain at A = 0.4, and stays negative as A is increased. But as Figure
6.7 (b) shows that the population of D, (dashed line) exceeds that of X5 (solid line) at
A = 15. However, the gain is achieved much before this vaue 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=1« 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 Pop~
ulation Trapped state. Since the absorption profile at the line center is cancelled due
to quantum interference, the transition of population from D, to X; 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 psg. 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 inverson either in the bare state basis

or in the dressed state basis.
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Chapter VII

Threshold of Transparency

When a pump beam is a focussed Gaussian TEMy, 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 adso 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 insde an optically thick sample. Because
the intensity varies along the beam path aso, 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.

136
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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 st 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 cel 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 wy,. The Rayleigh range of the probe beam.
by = k,,ziv;;o Is taken to be much larger than that of pump beam b = kwi. The probe
beam can then be approximated by a plane wave, which is spatialy uniform. k and
k, are the wave vectors and w, and w,, 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 aso 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 beam.

In the following, the phenomenon of EIT in a three level model of the atom, con-
sisting of ground state |g), an excited state |¢) and a third state |m) is considered.
Probe beam connects transition between |g) and |e). In presence of the pump beam

which connects |e) to |m), absorption of the probe beam is modified following the

susceptibility,
2
o i )
) |gmel®
Deg = Neg— — X  —in
g L y A(.g + Ame - I‘ng

Here, N is the number of atoms in a unit volume, 7i; 1 the transverse relaxation rate
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of the coherence between levels |i) and |j). 9me is the Rabi frequency of the transition

between levels [m) and |e). d., is the dipole matrix element of the transition between

le) and |g).

Propagation of the probe beam in the medium is governed by the paraxial equation

i 0 21 iw
[QVE + 5‘} &= 0 w)E, (7.2)
where
H? o?
-
Vi=aa T o

k = w/c and E = & exp(iwt — ikz) 4+ c.c.. € is the slowly varying envelope for the
probe field.

Spatial variation of the pump beam leads to a variation in the term x"). The slowly
varying envelope of the pump beam can be written as

By exp(—iks.z r? + y*
Eg(l:.f,h Z) = 0 lpj- Lg 2 ) exp (""k2 (b_(i"+—?‘5))) )

where, k3 is the wave vector of the pump beam, r = /2% + §? is the transverse distance

from the z-axis and

2(z - f)
-

The pump and probe beam are assumed to be collinear.

E:

The Rabi frequency of the pump beam is given by g = étn-552(:1:, y,z). This gives

h
2 dmeExp|” 1 ("2(32 +y°)
d ol are) P\ e )

9

or?
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Along the axis, » =0, and therefore,

2
2 G

T

9o is the Rabi frequency of the pump beam at the focus.

Substituting envelope function of the pump in 7.1 and solving the equation 7.2
gives the effect of spatial profile of the pump beam on the probe absorption. In order

to define the threshold intensity we concentrate on the axial case.

For the axial case, when r 0, integrating equation (7.2) over the length of the

medium gives

L/2 9% L2 ”
In€ = / = = f z:wxm(z)dz.
~L/2 -Lj2

where L is the length of the sample. Substituting for pump Rabi frequency [g|* in the

expression 7.1 for xV)(z) by its spatially varying factor |go|*/(1 + &%) we get,
L2

d
0
L2 Deg — 1Yoy — .
# K g Afg + Ame 2 ?‘ﬁ(mg 1 + 62
where @ is a constant given by
_ 2miw |deg
g = —
This leads to
L/2
1+£%).d
s — 5N (1+¢&%).dz - (7.5)
-Lj2 (14 £2)[Aeg — ieg) — 2

(Aeg + Amr = i’]’mg)
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Denoting
|9o/*
Aeg T Amr - i‘Teg

K, =

and

K, = APg — $Yme

the integral in expression 7.5 can readily be solved to give

‘Nb S| 24 tan”! g (7.6)
c=6N-— |— — g P e _
2K, | b v+ K bvl+ K

where K = K, /K,

Absorption coefficient in the absence (presence) of pump beam is denoted by a,(a)

which is given by oy = —Rea NL/K(a = -Reo).

Figure 7.2 shows a/«y, as a function of log of the pump beam Rabi frequency logo 90
for the ratio L/b — 1073. All the parameters are scaled to the coherence decay 7ves. As
the pump beam Rabi frequency go is increased the absorption decreases and reaches
an asymptotic value of zero. To quantify the fagt change in absorption, a limiting
curve is assumed as shown in figure 7.2. This curve intersects the absorption curve at
a/ap= 0.5. In other words, the g, vaue at which a/a, 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 o to a value of «/10.0
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 o to @/2.
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a maximum absorption for small go values, which approaches a minimum value sharply.

The threshold intensity vaue increases as L/b increases.

Figure 7.4 shows variation of « for three different values of v,,,. The threshold value

IS seen to increase with the value of Ymg.

In figure 7.5, the threshold Rabi frequency is plotted against L/b vaues. It shows
that as the sample length increases, the threshold intensity of transparency aso 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 aong 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,

a(w, |go ’?rhreshold) _ 1

a(w, |g]? — 0) 2

Which results in

- tan ! - =
b VIt K = WI+K|
2K o &

———— tan
Vi+K b1+ K

For small values of L/(bV1 ¥ K),
| L
tan ' ——Y—= & —
hWwl+ K b1+ K

and therefore, equation 7.7 gives

K=-1=2
=-1=2

t

Substituting for K, and K, for resonant situation

L Y

B ?-.’Yt'gﬂ}’mg

This results in

IQO | s Yeg Yme-

o N o b
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(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 ~y,, and ~,,,.

Relation 7.8 may be used to estimate any one of the involved

parameter as unknown while determining experimentally the vaue 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 hdf. 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 axia absorption vaue for an optically thick

sample reaches haf its maximum value at [go|> = 7eg.¥mg for L/b<< 1.



Pump beam

Vapour cell

’

— —

/ \

L

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 hyperboloid. Atoms within the stnped region interact with the probe beam aone and atoms
within the crossed region interact with both pump and probe beams.
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Appendix B

Equation 2.13
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Appendix C

Clebsch-Gordon Coefficients

Combinations which lead to each |F,mp) 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 | .m;, s and

m, values.

Formation of F levels according to F=I+ L+S

F=2 levels

F=2me =2) = 5138 3.8 - 560 5D

F=2,ms =1) = %I3.3) 13- - #13-2 15D

F=2mp =0) =3l3,3) 13 -2) +3l52) B-2) —al3.—2) 12.2)
—3l3 -9 152

[F=2,me = =1) = 3l3,2) 3.-3) ~ 512 -2) 2:2)

P=2me = =2) = I3, -3} [5:-2) — %l —2) [3.-2)

F=1 levels

F=tme=1) =/F53 B - - &% 3D +VEE-D 33
F=lme=0) =513 13- —azlh D -2 —gz8-2 3 D

*E. U. Condon and G. H. Shortley The Theory of Atomic Spectra, Cambridge, (1970), pp 76
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Formation of different levels

F=1 levels of S,

F=1,me = +1} = =313, 4} 10,0) 15, 3) + ¥13, 3) 10,013, - )
F=Lme = 0) = —/113,-4) 0.0) 11, ) + /313, 1) 10,0) 13.-1)
F=lmp = =1) = =43, -3) 0,0) |3.4) + 313, -3 10,0} |}, ~})
F=2 levels of S,

F=2mr=2) =13, 10,0) |},3)

F=2,m =1) =113,3)10,0) |1, -1) +%(2,1)10,0) |1,1)
F=2,mp =0) = 35/2,1)10,0) |3, -1) + ZI2,-1) 0,0) 4, })
F=2,mp = -1) =2|3,-1)10,0) [3,-1) +3I3.-3)10,0) 13.3)
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V1l

—VEHLY =1y 13,0 + I 4y 1,0y 13, -1

1
2 |
—JW ~D L= LB + 2513 -1 1,00

F=1 levels of Dy,

[P=1me =1) = F13,-1) 2,2) 1}, -1 - 131D 12.0) 15, 1)
=158 12.0) 13- + 33 )12.0) 13.3)

+ 4133 12,0 15,3 - 515D 2.-1) |1,
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It can be noted that mp=0 sublevel of F=1 of S, ; is a Q_ state while the same one for
Py); is a Q. state. Similarly, mp=0 of F=2 of Sy, is a Q. state and thus has a nonzero

transition probability with mp=0 of F=1 of P, level.



Appendix D

Dipole matrix elements

The electromagnetic fields that connect the transitions between various states of g, ,,
P1/2 and Ds/2 are denoted in the following manner. In the cartesian coordinate system,

the right and left circularly polarized light are denoted by

E* = —(Z + ij) exp(iw t)

| O

and

Er = g(JJ — ij) exp(iw t)

The plane polarized light is denoted as
Ey = Re[E* + E~] = £z exp(iwt).
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=I, S,/ < F=1, Py,

P12
-1 0 +1
1 1
1 1
¥ B [=zm]| 3

*H. A. Bethe and E. E. Salpeter, Quantum Mechanics of one - and two -electron atoms, Plenum,
1977, pp 24

Vil
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Dipole matrix elements for transitions F=2, S,/; <+ F=1, Py,

Py
-1 0 +1
2|-%]10]0
+1| 0 | %= | 73
+2] 0 0 —\}5

D32
-1 0 +1
1| - | -1/fB] o
P,y 0|-3/3| o |-1/3

It is seen that the transition probability from states which are of the type @ 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 mg=0 sublevel of F=|

of Si/2 to mg = 0 of Py, is zero. The transition from mg = 0 of F=2 levd of S,/, to

rap = 0 of F=| of Py;2 on the other hand, is finite.



