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ABSTRACT

Study on spectral features of electromagnetically induced

absorption in degenerate two-level system of ®Rb atoms

Hafeez-Ur- Rehman
Advisor: Prof. Jin-Tae Kim
Graduate School of Chosun University

Department of Photonic Engineering

We present experimental and theoretical studies on spectral profile
variations of weak probe beam transmission signal from hyperfine level
between the ground 5 S;/; and excited 5 Pz, D2 lines of ®Rb atom at room
temperature with degenerate magnetic sublevels in the case of polarization
configurations, powers, and directions of control and probe beams. The
probe laser frequency is fixed and locked at the Fg = 3 — F. = 4 degenerate
two level system of ®Rb atom while the control beam is scanned through F”
=2and 3 — F” =1, 2, 3, and 4. In degenerate two-level system
polarizations of probe and control laser fields play important roles to
transfer of population from excited states. Consequently variation in
absorption and transmission signal profiles including EIA and EIT-like
signal have been observed when the polarization state of control and probe
lasers fields were changed. In case of weak probe and strong coupling laser

field we observed double structure transmittance spectrum, a narrow due to

ix



coherence and broad due to optical pumping in cycling transition. The
experimental results are compared with the results calculated by solving
time-dependent density-matrix equations including the optical and Zeeman
coherences connected via multi-photon interactions process between
magnetic levels and match well with the calculated signal profiles.

We also present theoretical and experimental study of EIA for
different hyperfine transitions of ®Rb-D2 line. The calculated result in case
of cycling transition of ®Rb show that EIA signal have ultra-narrow feature
in low power of coupling beam in both stationary and thermal atoms. In
case of thermal atom the ultra-narrow EIA signal due to high coupling
power beam still remained in ultra-narrow state in the same polarization
configuration. Ultra-narrow EIA spectral features of thermal ®*Rb atom
with respect to coupling Rabi frequencies in a degenerate Zeeman multiplet
system have been unraveled in the cases of same (¢'-¢*, = Il =) and
orthogonal (c*-o", m L m) polarization configurations. The EIA signals with
subnatural linewidth of ~ 90 kHz even in the cases of same circular and
linear polarizations of coupling and probe laser have been obtained for the
first time theoretically and experimentally. In weak coupling power limit of
orthogonal polarization configurations, time-dependent transfer of
coherence plays major role in the splitting of the EIA spectra while in
strong coupling power, Mollow triplet-like mechanism due to strong power
bring into broad split feature. The experimental ultra-narrow EIA features
using one laser combined with an AOM match well with simulated spectra
obtained by using generalized time-dependent optical Bloch equations



Chapter 1

Introduction

Many applications such as slowing light, quantum information
processing, high-resolution  spectroscopic  measurements,  sensitive
magnetometery, atomic clocks, lasing without inversion, and light
information storage [1- 23] have been developed using changes of the
refractive index and nonlinear susceptibility of atoms. Electromagnetically
induced absorption (EIA) [1-7] and transparency (EIT) [8-10] have been nice
methods to investigate effects on the atoms due to quantum interference and
coherences between atomic quantum states, which leads to the abrupt
changes of the refractive index and nonlinear susceptibility, etc. The EIA
involves two laser fields such as strong coupling and weak probe beams
interacting with properly selected three quantum states [15, 20-21] and
enhances probe absorption due to quantum coherence effects through three
different quantum states connected with the coupling and probe lasers. EIT
also occurs in three-level atomic systems which interacts with two lasers
fields similarly as the EIA under proper required conditions. However,
destructive quantum coherences between the quantum states in the EIT
differently from the EIA cases make probe laser beams transparent to the
atoms. Simple three level atomic systems [4-6, 24-26] and degenerate
multilevel configuration system have been used to investigate such quantum
coherence effects. Compared to non-degenerate simple three levels,
degenerate two level configurations is much more complex than three level

systems in reality.



The spectral profiles of the EIA and EIT are also dependent on directions,
polarizations, intensities, beam sizes of the coupling and probe laser beams.
The spectral profiles of the EIA and EIT show peculiar behaviors depending
on directions, polarizations, intensities, beam sizes of the coupling and probe
laser beams. In this work the EIA phenomena in degenerate two level system
(DTLS) of rubidium atom have been investigated instead of simple three
level quantum systems. Previous EIA works done in the degenerate quantum
system and goals of this work have been introduced in this chapter. In this
chapter previous works due to velocity selective optical pumping (VSOP)
effects have also been introduced.

1.1 Previous EIAworks in DTLS

In pump-probe experimental setup two independent laser sources or one
laser combined with AOMSs can be used to observe pump-probe absorption
spectra of atomic samples. The advantage of one laser instead of two laser
beams overcomes limit of laser beam linewidth in observed spectral width so
that much narrower spectral linewidth can be obtained. Although there are
many subnatural experimental observations of EIA in DTLS, the observed
linewidths are still close to laser linewidths. Early previous EIA works of
DTLS have focused on subnatural lineshape using two different pump and
probe lasers because it brought out subnatural linewidth.

Prepared samples can be in thermal or cold state depending on how the

samples have been prepared. Recent progresses in atomic cooling and
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trapping have provided cold atomic samples. Also atomic beam experiments
can prepare cold samples. Thermal atomic samples with large velocity
distributions can also be used to do EIA experiments. Moving atoms in a cell
provide velocity dependent distributions interacting with laser beams so that
steady state solution cannot be applied to the system and interaction region
of the atoms with the laser beam should be considered. However, most of
previous works have not considered those effects. Thus thermal averaging
effects occurred in hot sample have been overlooked considering only atomic
samples with cold internal temperatures.

There have been number of experimental and theoretical reports [1-3, 27-
42] to observe sub-natural EIA signals in DTLS depending on powers and
polarizations of pump and probe laser beams. Lezama et al. [1] observed for
the first time EIA in DTLS and reported experimental observation of narrow
spectral features in the presence of two laser fields which interacts with
common ground state of Rb atom. Lezama et al. [2] explained also that EIA
occur due to transfer of coherence between interacting degenerate system in
which (i) Fy — Fe = Fy +1, where Fy and F. are the hyperfine quantum
number of ground and excited states respectively (ii) the ground state must
be degenerate (Fg> 0 ) and (iii) the system should be closed. Under this
situation the two photon resonance conditions will populate to those Zeeman
sub-levels which are coupled to that laser field.

However, Kim et al. [30] observed EIA signal in an open system using
an orthogonal linear polarization configuration of coupling and probe laser
beams with co-propagating beam directions differently from expected results
of Lezama et al. [2]. Chou et al. [31] interpreted that the anomalous EIA
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signal in [30] is due to splitting of the EIA signals in an open system with F
= Fg — 1 using a dressed atomic picture and qualitative perturbation methods
employing different power-dependence of the coupling laser. They have
provided comprehensive detail to explain probe absorption spectra in DTLS
on the basis of dressed-atom multiphoton spectroscopy (DAMS).

There are few experimental works using one laser to investigate EIA in
DTLS. Y. C. Chen [39] used similar experimental scheme using one laser to
observe the EIA single in cold #Rb atoms. But he [39] could not observe the
splitting of EIA at moderate high power of pump beam. Instead of two
independent lasers experiment the author of [30] performed also one laser
experiment using linear and orthogonal polarized pump and probe beams to
observe ultranarrow EIA signal in Cs atom. They investigated that how the
intensity of pump laser bean effect the line shape of observed ultra-narrow
EIA signals.

One of other interesting features in the coherence experiments,
conversion from EIA to EIT or EIT to EIA. K. Dahl et al. [41] presented the
pump laser absorption profile for four different polarization configurations in
DTLS of Cs atom. In case of circular and orthogonal polarization of pump
and probe beams, the absorption within transparency and transparency within
transparency were detected when the power of probe laser exceeded from
power of pump beam. Absorption with in transparency was observed in case
of linear and circular polarization combination of pump and probe laser
fields. Z. Y. Ting et al. [42] observed pump power dependent EIA spectra in
DTLS using linear and perpendicular polarized pump and probe laser fields.
Conversion of EIA to EIT is also studied. At low power of pump beam EIA
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dip signal show sub-natural line width but when the power of pump beam
increase to 650 mW then EIA-dip become broader and EIT appear at the
central area.

Theoretical works to understand EIA in real DTLS, especially multi-
oscillation effects of pump and probe beams make the system more complex
because of more sub-Zeeman levels are involved in the contribution of EIA.
A. D. W-Gordon et al. [43] theoretically investigated the ultra-narrow extra
resonant anti-hole and its origin in an open atomic two level system in which
relaxation rate of excited state is less than that of ground state. Origins of
EIA signal in DTLS in the same and orthogonal polarizations have not been
revealed. Obviously pure two-level system cannot provide EIA signal if
there is no external population or coherence input to the two levels. If we use
two pump and probe lasers, N type connections cannot be provided so that
EIA cannot be formed. The EIT and EIA have been explained by using V
and N type of connections between two levels. However, one can expect that
V or N type system cannot be formed in the case of the same polarization
configuration of pump and probe laser beams so that EIA cannot occur in
this case.

One of very intuitive way to understand EIA origin was investigated by
A. V. Taichenachev et al. [45]. They used this four-level system and
interpreted that decay from TOC could create EIA signal which was similar
to the case of perpendicular polarization combination. In the DTLS
differently from this simple 4-levels system, the polarizations of the pump
and probe laser beams play vital role in Zeeman coherences of the ground

and excited states, transfer of the coherence from the excited states,
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contribution to optical coherences between the ground and excited states
because the polarizations connect magnetic sublevels of the ground state
with those of the excited states. C. Goren et al. [46] predicted and
explained that the ultranarrow EIA-TOP can be observed in DTLS even in
case of same polarization configuration of pump and probe laser beams. For
observing EIA-TOC, they used double two-level system which was later
compared with four-level N-type system. In each model Doppler broadening
increases the width of dip. In double two level system EIA peak become
narrower on Doppler broadening but in contrast N-type system, does not
devolved a dip at line center. In case of same polarization configuration of
pump and probe lasers fields, the time dependent TOP can also be observed
at sufficient low powers of pump beam in the absence of inelastic collision.
C. Goren et al. [47] presented EIA-TOP and EIA-TOC models and show that
at low power the both model give EIA peaks at the line center, whereas at
high intensity the double two level system has the same spectrum as a simple
two level system. T. Zigdon et al. [48] used circular- orthogonal and linear-
perpendicular polarized pump-probe spectroscopy in cycling transition of Fy
=2 — Fe= 3 of ®Rb to explained that the TOC played important role in
splitting of narrow signals in such case when pump power is greater than
decay rate of upper excited state and lower than probe power. To calculate
absorption spectra, the stationary case with phenomenal parameter was taken
into account which is quite different form that calculation which presented in
[23].

In Hanle configuration the ultranarrow EIA resonance in absorption and
transmission signal can be measured by scanning magnetic field, either

-6 -



orthogonal to the direction of propagation of radiation field or parallel to the
direction of propagation of optical field instead of pump or probe scanning.
However, these origins of the ultranarrow Hanle signals are different from
ours which are from TOC and time-dependent TOP, etc.

In our one laser experiment we produced ultranarrow EIA signal
differently from the case of Hanle configuration by scanning pump laser
beam. In our case no magnetic field has been applied to observe ultranarrow
EIA signals.

To observe the ultranarrow EIA signal experimentally we made major
changes in conventional two lasers pump-probe experimental setup and used
single laser coupled with an Acousto-optic modulator (AOM) to observe
TOP and TOC effects for such ultra-narrow EIA resonances where relative
linewidth is limited to AOM scanning resolution. In this way we observed
these ultranarrow signals successfully not only in orthogonal polarization
configuration case but also in same polarization combination of pump and
probe laser beams.

Polarization and power dependent ultra-narrow and split EIA signal
inside the broad probe transmission spectra are still to be investigated. We
performed several experiments using Rb vapor cell at room temperature. In
case of circular and orthogonal polarization configuration we observed that
these ultranarrow EIA signals are split into two even at low pump powers.
The pump laser power plays a major role in the splitting due to TOC effects.
This splitting occurs even at the relatively lower power of the pump laser
differently from the orthogonal case of linear polarization as performed by
[39]. In EIA experiments usually two independent laser beams have been
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used for pump and probe beams. Each of these two lasers can have linewidth
approximately equal to 1 MHz and together these two lasers produce
linewidth of 2 MHz. That is why in our two lasers experimental results
which are presented in chapter 4, we could notable to produced ultra-narrow
EIA signal because of the large combined linewidths of the two different
lasers. The observed EIA signal is slightly wider and shallower than we

expected in the case of orthogonal polarization.

1.2 Velocity selective optical pumping

In the pump-probe experiment, multilevel atomic system prepared with
strong pump laser beams can be probed by a weak probe beam. Pump beam
frequency is fixed and locked to specific atomic transition and probe beam is
scanned over wide frequency range. The probe transmission signal changes
when probe laser also comes into resonance with same or other hyperfine
transitions for atoms with zero velocity. Atomic coherences and optical
pumping effects on atomic samples with hyperfine components due to laser
interaction have been investigated. Hyperfine splittings in the alkali atoms
are less than the Doppler width so that optical pumping effects between the
hyperfine transitions due to Doppler profiles occurs including atomic
coherence effects depending on the conditions of polarizations, intensities,
etc. of pump and probe laser beams. When strong pump beam counter-
propagating or co-propagating with weak probe beam in a vapor cell, a set of
velocity selective resonance peaks can be observed at different velocities.

-8 -



Doppler-free  experiments with counter-propagating pump-probe
geometry can provide nice Doppler free spectra. However, in the co-
propagating case Doppler shifted resonance lines can be observed. Because
EIA and EIT signals depend on the directions, polarizations and powers of
pump and probe lasers. Thus broad Doppler and sharp coherence spectra can
be obtained [49-51] together. The sharp interference spectra come from EIT
or EIA depending on signal shapes while the broad spectrum resulting from
optical pumping by pump laser field called VSOP. The sharp interfered
spectra can be affected by the optical pumping. However, the effects are
limited because of small coherence effect in the case of large detuning of the
probe laser.

The VSOP can be used as a sensitive technique for precise measurements
using a relationship between atomic velocity and internal parameters of the
atoms in the ground or metastable state [50]. S. J. Park et al. [51] used co-
propagating pump and probe laser beams to demonstrate VSOP spectroscopy
on Rb atom and explained the position and magnitude of absorption spectra
with respect to frequencies of both beams. S. Chakrabarti et al. [52-53]
explained the experimentally observed EIT dip signal along with five extra
peaks in probe transmission spectra transition line of ®’Rb atoms. Also they
studied the effect of co-propagation and counter propagation of pump beam
on the absorption spectra of Rb atoms. In both case a set of extra resonance
dips are observed A. J. Krmpot et al. [54] explained the pump transmission
spectra by using rate equation. These results were obtained in wide scanning
range of probe laser while pump laser is locked to particular transition. In co-
propagating beams experiment they [54] observed several lines as a result of

-9-



contribution from laser absorption on atoms in different velocity groups. S.
Mitra et al. [55] did both, theoretical and experimental investigation on EIT-
dip signal with respect to pump Rabi frequency along with existence of
VSOP peaks in probe transmission profiles by using V, A and V+A type
atomic system.

D. Bhattacharyya et al. [56] developed theoretical model to describe the
occurrence of seven transmission peaks due to VSOP in case of co-
propagating and six peaks in case of counter-propagating pump and probe
beam but experimentally they could not observed all peaks due to Doppler
broadened background. S. Chakrabarti et al. [57] demonstrated the VSOP
resonances in probe absorption spectra of both isotopes of rubidium D2
transitions in their experimental investigation. They used strong pump and
weak probe beam which co-propagates through Rb vapor cell and explained
the size of dips based on population depletion for different velocity groups.
A. Krasteva et al. [58] used linear and orthogonal polarized pump and probe
laser beam to investigate the pump-probe spectra of Cs atom in thin cell
without buffer gas. Their theoretical model is based on optical Bloch
equation. On the basis of this theoretical model they explain experimentally
observed sharp EIT peaks and enhanced VSOP resonances for probe
absorption and transmission spectra.

Most of the results from these VSOP experiments have been explained
using a simple rate equation model. Stationary cases have been considered
instead of generalized time-dependent OBEs. Arbitrary intensity and
polarization effects of probe absorption spectra including EIA and EIT due
to adjacent hyperfine levels and velocity groups of atom in cell have not
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been investigated well both theoretically and experimentally.

Here we present pump-probe transmission spectra in the case when co-
propagating pump beam scanned frequency in wide range and fixed
frequency of probe laser transmission is observed. The spectral broad
spectral profiles due to VSOP and sharp coherence effects have been
investigated in the cases of arbitrary polarizations and intensities of the probe
and pump lasers in ®Rb and ®'Rb vapor cell at room temperature. In this
research a theoretical method without phenomenal parameters is developed
by H. R. Noh [23] for obtaining pump-probe absorption spectra from
generalized solutions such as populations, optical coherences, transfer of the
coherences from the excited states to the ground state and Zeeman
coherences of the ground and excited states. The density matrix considering
arbitrary polarization, power combinations of the pump and probe laser beam,
time dependences of velocity groups of the atoms in a cell instead of steady
state, and high-order Zeeman and optical coherence terms due to multi-order
mixings of the pump and probe, by themselves, etc. have been applied to
DTLS between 5 Sypto 5 P3, multi-level transitions of both isotopes of the
Rb atom. The experimentally observed signal profiles are compared with
probe transmission signals calculated from the generalized time-dependent
density matrix equations and match well with the calculated signal profiles.
Peculiar behaviors of coherence signals depending on powers and

polarizations have been investigated in detail.
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1.3 Motivation

In pump-probe experiments when both beams, which derive from two
separate laser sources co-propagates through vapor cell with probe frequency
fixed and locked to specific transition line and the pump laser tuned across
the same transition line. Then in probe absorption spectra extra transmission
peaks can be observed due velocity selective optical pumping effects with
arbitrary polarizations and intensities of pump and probe lasers in closed and
open system.

To investigate spectral features of ultra-narrow EIA signals
experimentally we used two independent lasers systems for pump and probe
laser beams but ultra-narrow EIA signal was not observed in the experiment.
Because two different lasers with linewidth of 1 MHz produce together 2
MHz linewidth so the observed EIA signals are wider than calculated value
of EIA signal. So we made major advance to observe these ultra-narrow
signals using one laser combined with two AOMs.

The motivation behind our research work is also to understand the
thermal averaging effects on spectral features of EIA and to investigate
origin of formation of ultra-narrow and split EIA signal unknown
previously in case of same and orthogonal polarization configuration with

one laser discussed above.
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1.4 Summary of this work

This work describes the experimental and theoretical investigation of
rubidium vapor-cell EIA and EIT in a DTLS. Polarization and power
dependent experimental and theoretical EIT and EIA spectra of both isotopes
of rubidium are presented.

In chapter 2 we explain theoretically EIA and EIT spectra. Different

atomic system and conditions which are necessary for occurrence EIA are
also discussed.
The EIT mainly observed in three-level A-type system. DTLSs also provide
possible way to analyze coherent effects in light-matter interaction. These
systems are not only suitable for observation of coherent effects predicted
and observed in three-level configurations, but also use for another opposite
effect such as EIA. As each level of degenerate consists of multiple magnetic
sublevel so EIA and EIT can also be observed in two level Fy —F; transition.
in degenerate two leve system EIA mainly occure due TOP and TOC. The
occurrence of EIA due to TOC needs a particular type of system which
consists of at least four degenerate states. Two of these states should be
ground state and two excited state.

Theoretical calculation for spectral features of EIA in case of two
independent laser sources with respect to power of pump beam is presented.
Calculation for ultra-narrow and split EIA signal in case of same and
orthogonal polarization configuration of pump and probe beam using single
laser are also explained in this chapter.
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In chapter 3 we describe theoretical and experimental detail of probe
absorption spectra due to VSOP depending on polarization, power and
direction of pump-probe lasers beam. We explain that due to VSOP effect the
occurrence of transmittance peaks in spectra. We demonstrate EIA
experiment for both closed and open system of *Rb and ®’Rb atom in D1
and D2 transition line. We describe different polarization configuration of
pump and probe beam EIA spectra. Pump laser power dependent EIA spectra
are also presented. We present our experimentally observed EIA spectra in
DTLS of Rb atoms. The experiments were performed in both closed and
open atomic system in D1 and D2 transition lines. As polarization
combination of pump and probe laser beams play vital role in degerate
magnetics sub levles for redistibution of atomic population abmong these
levels and variation in polarization of pump and probe beams bring a
noticeable change in spectral profile and intensity of EIA dip signal. So we
explaine complet ploarzation dependent EIA spectra of ®Rb in this chapter.

In chapter 4 we describe theoretical and experimental pump-probe EIA
spectra in general case of arbitrary polarization and powers of pump and
probe beams of ®*Rb atom. Spectral features of EIA in case of different
polarization configurations also discussed. Thermal averaging effects on
spectral features such as extra ultra-narrow and split spectral profiles of EIA
implanted in broad sub-natural EIA have also been studied with respect to
powers of pump beam.

In chapter 5 we describe in detail introduction about the features and
ultra-narrow-EIA signal in case of all possible polarization configurations of
pump and probe laser fields. By using single laser for both pump and probe
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laser experiment the observe results in DTLS of ®*Rb atom are also shown.
Theoretical and experimental details are also presented.

Two different experimental schemes using one laser combined with an
AOM have been used to investigate theoretical predictions for TOESC and
TOP in cycling transitions of TSZMD of thermal ®*Rb atoms. The general
transient treatments are used to solve optical Bloch equations (OBESs) with
full considerations of magnetic sublevels without phenomenal parameters in
the arbitrary polarizations and arbitrary powers.

In chapter 6 we present the conclusin of the entire research work done in
this thesis.
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Chapter 2
Theoretical calculation of electromagnetically
induced absorption (EIA)

2.1 Introduction

A simple two-level model for the atom can explain many light-atom
interaction phenomena, while the three-level systems are compulsory to get
coherent processes involving two optical transitions. In three-level system a
medium which is initially absorbing for a weak probe tuned to one of the
transitions becomes transparent when the other transition is irradiate with an
intense coupling field.This transparency is a phenomenon of reducing the
absorption of weak probe beam passing through a medium in the presence of
second relative strong coupling beam. The occurrence of EIT in three-level
atomic systems is common in which two lasers fields interacts with properly
selected transition lines of atom and the quantum interference causes the
ground state population to disappear the medium become transparent to
probe laser field.

Two separate lasers fields named pump (strong) and probe (weak) couples
to each arm with common excited level of A-type system. So absorption of
probe laser field in the medium is reduces and very narrow spectral profile
can be observed [19]. CPT and EIT are the examples of such dark states.

CPT is well known both in three levels A-type system and DTLSs [15].
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Fig. 2.1 Three levels A-type system with dipole allowed transition |a> — |c>and
|b> — |c>.

The basic arrangement of A-types three levels atomic system is shown in
Fig. 2.1 and we label the level as |a>, |b> and |c>. The system consists of two
grounds (ja>, |b>) and one common excited states (|c>). w31 and ws.are the
transition frequencies of control and probe laser fields respectively. EIT
requires two dipole allowed transitions (ja> — |c> and |b> — |c>) and one
forbidden transition (ja>—[b>). In A-types three levels atomic system the
state |b> being a metastable state has particular importance to produce long
lived coherence between state |[a> and state |b> which is very important
condition for observing EIT in this system. According to quantum mechanics,
when there are multiples excitation pathway exists, interference between
their probability amplitude will occur. From Fig. 2.1 one possible way to get

EIT is the interference between transition path way. Initially the atoms are
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accumulated in the lowest ground state (Ja>). When we turn on laser field of
frequency of wsithen atoms in ground state can absorb energy and makes
transition to state |c>. Meanwhile, when an electromagnetic field resonant
with |b> — |c> transition is also turned on, now there are two transitions path
ways through which atom can make transition from ground state to excited
state. Either an atom can make transition in the way from |a> — |c> or it can
follow the path to reach the excited state through |a> — |c> — [b> — |c>.
Under certain conditions these two transitions path can show zero probe
absorption at resonance peak due destructive interfere. EIT resonance can be
several orders of magnitude narrower than the natural linewidth of the
atomic transition. The interesting effect of EIT is includes large dispersion
effect at the atomic resonance especially a very steep linear dispersion

relation could be found at the point of minimal absorption.

2.2 EIA In degenerate two level atomic system of Rb atom

Electromagnetically induced absorption (EIA) [7] is an enhanced
absorption of weak probe beam in the presence of strong pump beam. EIA
is an absorption due to atomic coherences between the states via coherent
laser photons [37]. For this enhanced absorption, there should be additional
enhancement supports for a state which is probed absorption externally
through transfer of population or transfer of coherence, etc. To observe EIA
in different atomic system we should have a particular atomic system. For

example in DTLS EIA can occur under two different procedures to prepare
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induced absorption. One is known as EIA due to transfer of coherence (TOC)
while the other is called as transfer of population (TOP). The enhanced
absorption based on TOP can occur when both pump and probe laser beams
have same polarization configuration. Similarly to observe EIA due to TOC
the polarization of both beams must be orthogonal. Generally the occurrence
of EIA due to TOC requires a special type of system which consists of at
least four degenerate states. Two of these states should be ground state and
two excited state. This system is usually known as N-type system which is
shown in Fig. 2.2. It is important to note that there should be sufficient
amount of population in degenerate excited state which leads to establish
coherence and spontaneous emission from excited state to ground state leads
the transfer of coherence. As it can be seen from Fig. 2.2 that N-type system
is closed system and if pump beam derive to this closed transition then
reasonable amount of population can be obtained. In Fig. 2.2 the |b> — |d>
transition is closed path which is just similar as Fg = 3 — Fe= 4 in case of
®Rb atom and Fy = 2 — F.= 3 in case of *’'Rb
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Fig. 2.2 The N-type atomic system in DTLS. Two heavy arrow show the

Pump transition and dotted line arrow show probe transition.

Compared to non-degenerate three-level systems, degenerate two-level
configurations are much more complicated and it more complex to describe
pump-probe system due to many sublevels. Thus, the fundamental origins of
EIA in DTLSs have not been investigated well, in contrast to those in three
level atomic systems. Both, EIT and EIA occur due to optical pumping and
coherence [15]. We present theoretical model for solving the generalized
time dependent density matrix equation to explain complete polarization
dependence of experimentally observed EIA signals for two rubidium
isotopes at room temperature in vapor cell. A simple N-type model which is
commonly used to clarify the theoretical explanation of EIA signal under
certain polarization configuration of pump and probe laser beam is shown in
Fig. 2.3.
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Fig. 2.3 The N-type atomic system in DTLS.

Suppose wy is the resonance frequency between ground and excited sub-
level and 6 show the detuning from resonance line. . is the frequency of
coupling beam which derive [a> —|c> and |b> —|d> transitions while o, is
the frequency of weak probe beam which derive the |b> —|c> transition. In
case of circular and orthogonal polarization configuration of pump and
probe laser the population will be pumped into right most or left most
ground state Zeeman sublevel. Compare to circular and orthogonal
polarization, linear and perpendicular polarization case is more complex and

complicated and make many sets of N-type system

2.3 Theoretical calculation of pump probe spectra

In case of two independent lasers sources for pump and probe beams, we

performed two sets of experiments to observe the spectral features of EIA
-21 -



signal profile. These experiments were designed to check the effect of
different polarization configuration of both beams on spectral features of EIA
because the role of polarizations combination in degenerate atomic systems
becomes decisive. The polarization combinations can be classified into
orthogonal and circular case and same-circular case of both beams. Here we
explain the theoretical calculation to describe the line shape of observed EIA
signal profile. To explain the procedure used for calculating the pump-probe
spectra in straightforward way, we take the general case of an arbitrarily
polarized pump beam. Let us consider pump and probe beams having optical
frequencies ®; and o, respectively co-propagates through vapor cell.
Similarly we suppose that €2; and Q, are the Rabi frequencies of pump and
probe laser beams respectively. As mentioned earlier that we take the case of
cycling transition Fg= 3 — Fe = 4 of the %Rb D2 line. The energy level
diagram of this cycling transition line is shown in Fig. 2.4. We have
neglected the effect of other transition in calculation because of large

hyperfine energy difference.
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Fig. 2.4 Energy level diagram for the Fy = 3 — F, = 4 transition of ®Rb-D2 line.

In Fig 2.4 the solid line represents the probe beam while the dotted line

denotes the pump laser beam. The magnetic sub levels in excited sate are

labeled as |me = - 4> = |1>,|m = - 3> = |2>,...| me = 4> = |9> and magnetic

level in ground state ( Fg = 3) are label as [mg = - 3> =|10>,|myg =- 2> =

11>,.... |[mg = 3> = |16>.

The atoms of the gas are randomly moving in all directions inside the

vapor cell. One portion of these atoms is moving in opposite direction of co-

propagating pump and probe beams with velocity v. the laser frequencies of

these pump and probe beams as observed by an atom are written as. ®1 = @ -

kv and o, = o¢ - kv respectivily, where k (=2 @/ ) is the wave vector and A is

the wavelength of the coupling or probe beam we define the detuning &, ( =

2 - W= dec- kvyand &, ( = o1 - @2 = d, - dc) where wgis the resonance

frequency and dyc) = wp) - wo is the detuning of the probe (coupling) beam.
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When the absorption coefficient is calculated by solving the density matrix
equation, all the quantities are expressed in terms of &, and ,. The behavior
of the internal dynamics of the ®Rb atom is described by a density matrix

equation in the rotating frame with frequency w,.

p- = %[HO + v, p] + psp (2.1)

where p is the density operator and Ho is the bare atomic Hamiltonian as

given by
Hy = 2?:1}152(1'”) (2.2)

psp denotes the spontaneous emission term. We consider that there is no
collisional dephasing in atomic coherence due to pure Rb vapor inside the
cell. There will be collisions between atom and wall of the container which
can affect the coherence and can induce the dephasing in atomic coherence.
But this effect is negligible small so can be neglected in theoretical
calculations. Therefore, the decay rate of the optical coherence in pg, is set
to I'/2 where T" is the decay rate of the excited state.

The interaction Hamiltonian in equation (1), V, is given by

6
h - . . . .
V= EZ{cfgij Q1e78PY3 +j)(10 +j| + Cj51,a-Q2 |1 + )10 +j|
j=0

+Ci51a:Q2 3 +j) + h.c (23)
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where h.c denotes the Hermitian conjugate and C; is the normalized
transition strength between the states [v> and > In equation (3), a; are the

coefficient of the o= components of the coupling beam, as given by
a: = = 1/2(1+ sin2e) £ i/2 cos2e

where c is the angle between the incident electric field of probe beam and
optic axis of quarter wave plat. We take two different arrangements for
polarization configuration of pump and probe laser fields, the same (o+ — o+)
polarization case and orthogonal (¢— — o+) polarization case. In both cases, ¢
= /4 and € = —x/4, respectively. To obtained a series of linear differential
equation for the density matrix elements, we substitute equations (2.2) and
(2.3) in equation (2.1). It can be seen that there is exists obvious time
dependence on right side of equation (2.1) so it necessary to expand the
density matrix element into terms oscillating at different frequencies [59, 60].
To calculate non vanishing terms of density matrix element, we consider the
interaction of two photons for population and Zeeman coherence. Similarly
for optical coherence three photons were taken into account. In Fig. 2.4, we
see that the oscillation frequencies for the o+ transition are {0, dy}, whereas
that for o— transitions is 0. The oscillation frequencies for the populations
can be determined by {0, —d,} + {0, Jp}, and are finally given by 0, —dp, and
op. Therefore, the populations are expressed clearly as follows:

W (@ @) i @ _ . |
pi=pf” + (i +ip”) e+ (o) —ipfY) o't (2.4)
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where, j = 1, 2, -+, 16. In equation (2.4), p;; ‘" are real for | = 1, 2, 3.The
oscillation frequencies for Zeeman coherences are given by {0, dp} for p1+j3+j
(j=0,1, - 6)and pig+j12+j § =0, 1, ---, 4). The oscillation frequencies for
the optical coherences are given by {0, =6y, —20p, dp} fOr p3+j10+j(j =0, 1, -+,
6), {0, —0p, dp} for pa+ja0+j (j =0, 1, -+, 6),{0, —0p, =205} fOr pssj10+ (j =0, 1,
-+, 4), and {0, dp} for p14j12+ (j =0, 1, ---, 4). The oscillation frequencies of
puw are the negative of the oscillation frequencies of p,, for x4 > v. We
neglected Zeeman coherences and optical coherences that are connected via
interactions greater than three photons. The coherences can be written

explicitly. As an example, the optical coherences with Am = 1 are given by

_ @ 2 —idpt 2 —2idpt (4) —idpt
p3+j,10+j - p3+j,10+j + p3+j,10+je TP € €

34j,10+j + P34j104j
(2.5)
where j =0, 1, --+, 6. Putting the coherences and populations described in the
form of equations (2.4) and (2.5) in equation (2.1), we obtain a set of coupled
differential equations for the components of the density matrix elements.
These equations are then solved numerically as functions of time, d,, and J.

The absorption coefficient is given by

Nat322 T

e 8 o Im[C3 pP) ] (2.6)

10+j P3+j,10+j

30(62, 61;), t) ==

where T is the decay rate of the excited state and Ny is the atomic number
density in the vapor cell. The absorption coefficient is then averaged over the
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transverse and longitudinal velocity distributions, and the final results are
given by

— (2

o &4
a=1/ty [dt [7 dv =— ag(de — j = kv, dp — dg ) 2.7)

where u (=(2keT/M)* ?) is the most probable speed (T: temperature of the cell,
M: mass of an atom) and t, (=(+/n/ 2)d/u) is the average transit time
traversing a laser beam with a diameter d [61]. The restricted interaction time
of the atoms with the laser beam is usually measured by assuming a decay
rate of the ground state coherence and solving the steady-state solutions of
the density-matrix equations [29, 47]. However, this method is not quite
accurate because the included decay rate is a phenomenological constant.
Instead of using such a phenomenological constant, we solve time dependent
density-matrix equations and averaged the absorption coefficients over the
distribution of finite transit times of the atoms crossing the laser beam. Since
our method does not need any phenomenological constants differently from
other previous calculation methods, the method of calculation is able to
predict accurate line shapes of the EIA spectra. It is essential to examine
time-dependent solutions of the density-matrix equations instead of
stationary solutions to determine accurate EIA line shapes like previously
investigated CPT system [62]. Although our system is not CPT system, our
time-dependent solutions of the OBEs also give accurate line profiles

because of time-dependent consideration in our calculation.
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2.4 Theoretical backgrounds of ultra-narrow EIA signal

Fig. 2.5 shows the energy level diagram of ®Rb D2 for cycling transition
line. Here in this case we consider the linearly polarized pump and probe
beams in perpendicular direction. The procedure adopted for calculating EIA
spectra in case of same-linear polarization configuration of both beams is

quite similar to that which is used for same-circular polarization condition of

both beams.
m -4 -3 -2 - 0 1 2 3 4
A A AR A A A A
B o 0 3 0 6[,0 Bdo 6[,0 0 0
TR E TR E R A E A
F 3
M3 2 -1 0 1 2 3

Fig. 2.5 The energy level diagram for the F, =3—F, =4 transition of ®*Rb-D2

line.

In Fig. 2.5 “0” is the frequency of pump beam and “d4” is the frequency of
probe beam with respect to pump beam frequency ;.

The Hamiltonian is given by
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4
= h&,|F, =4,m)(F, =4,m|

m=—4

Cimeay |F, =4, F =3
"2 qz;l Z [F=4m-+a)(F, =3m (2.8)

+EZC4"‘Q |F. =4,m)(F, =3m|+h.c,

In Eq. (2.1), psp represents the spontaneous emission term, which is given

by

FiiF =4,m)(F, =4,m'|

m=-4m'=—4

g 24: 23: (| e e><Fg :3’m9|+|Fg :3'mg><Fe:4’me|) (2.9)

where T is the decay rate of the excited state.

We consider the decay process from upper excited degenerate level,
where TOP between the magnetic sublevels of the ground and excited states
generates ultra-narrow absorption. The density matrix elements have large
number of Fourier oscillation component in case of circular polarization, so
the interaction of two photons will be consider for population and Zeeman
coherences while three photons for optical coherence.

Here we describe density matrix elements for simplicity as
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(F.m'p|Fm)=p, ,  (F.m|p|F.m)=p, . and Then, the expanded matrix

elements of optical coherences are clearly written as  p, | =p®, +p®, e®

€m Im

it ®

Pepis 0 :pe(ilvgmeiiéd["'pe(mzlvgme Perrgn = Penegn T pe(mz,‘)pgmeimat and Perian :pe(ﬂaxgmeii&d[ for
all the relevant values of m. Those of Zeeman coherences are given by
Posirs =Py &+ DL & P =P Pan = Phe o, 2" and
P, .., =rs,  for all the relevant values of m. Finally each population has
one constant term. We can have a series of linear differential equations by
substituting the expanded density matrix elements in equation (2.1). After
solving these equations, the matrix elements essential for the probe
absorption can be derived. Finally, the absorption coefficient is averaged
over the longitudinal velocity distribution and finite transit time distribution

as follows [23]

312 Na tw dt 4m+q (1)
“= ok Lo 'm{ S aci el , (2.10)

q=+1m=-3

where Ny is density of atoms in the cell, t,, is the average time crossing a

laser beam, and u is the most possible speed in the cell.
2.5 Saturated absorption spectroscopy

Saturated absorption spectroscopy (SAS) is frequently used for locking

the laser to a specific hyperfine transition. With simple saturated
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spectroscopy we can observe the decrease in probe absorption caused by
strong pump beam which depletes the population.
Schematic of experimental setup which we used in our experiment is

shown in Fig. 2.6

M M
IEé_ ' —'___ i , E}
N W
\:\ ECDL

Fig. 2.6 Schematic of experimental setup of saturation absorption

spectroscopy

Laser beam from external cavity diode laser (ECDL) is divided into two
beams by using window. The transmitted beam, which is stronger and can be
used as a pump and the reflected beam from window, is weaker and used as
probe. These two counter propagating beam passes through gas cell which
contains both rubidium isotopes in natural abundance overlap at the center
cell. In off resonance condition when these two beams interact with atoms,
one of them will excite the velocity group of v, and the other will excite the
velocity group - v;. When we tuned the laser to on resonance, both pump and
probe beams will excite the same zero velocity group v,= 0. As mentioned
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the strong pump beam will excite most of the population to the excited state
so the intensity of probe will pass through the cell without absorbing by atom.
When we detect this probe beam by photodetector, we observe an increase in
transmission of probe intensity. This decrease in absorption of probe beam
caused by pump beam will result a dip in absorption profile and called as
Lamb dip. When laser frequency is exactly similar to atomic transition
frequency than one can observe saturated absorption spectroscopy signal. By
looking at the spectra of SAS signals of Rb atoms one can observe six probe
transmission peaks. Three of them are called principal hyperfine while the
others three are known as crossover resonances. The occurrence of these
crossover resonances can be explained as follow. As atoms inside the cell are
always in random motion and we consider a group of atoms are moving with
velocity v, in opposite direction to the prorogation of pump laser of
frequency viaser- SO due to Doppler’s effect the red-shifted resonant frequency

for pump beam can be written as

Vpump = Viaser (1- v/c) (2.12)

As mentioned above that pump and probe laser beams inside the cell are

propagating in opposite direction. So at the same time for probe laser beam

the blue shifted frequency can be of the form

Vprobe = Viaser (14 V2/C) (2.13)
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by adding Eq. (2.12) and (2.13) we can have equation of the form

Viaser = (Vpump+ Vprobe )/2 (2-14)

Eq. (2.14) shows that the crossover resonance occurs at the middle of two
transitions peaks.
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Chapter 3
Optical pumping spectroscopy of Rb atoms

3.1 Introduction

Compared to non-degenerate three-level systems, degenerate two-level
configurations [1-2, 15] are much more complicated and it is more complex
to describe pump-probe system due to many sublevel and high order optical
and Zeeman coherences. In case of D2 transition line of ®*Rb and ®’Rb atoms
there are four closely-spaced excited state levels. The off resonance strong
pump beam can cause non resonant excitation from ground level to all
possible excited state levels and consequently the probe transmission shows
the additional VSOP peaks [19]. In optical pumping mechanism, the Zeeman
sub-levels plays vital role in response of light-matter interactions and as a
result of this interaction not only there is population redistributions between
magnetic sub-levels but also it creates coherence among the ground state
Zeeman sublevels.

In pump-probe experiments when atoms are resonant with these two
fields, the strong coupling laser beam creates dress states due to AC Stark
shift and strong probe laser causes pump absorption dependent on the probe
laser so that solution of the two-level system can be derived differently from
the case of the weak probe beam. However the coupling laser can cause the
populations to redistributes among the states by optical pumping. The

population of one state can be optically pumped to another state which
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affects the absorptions and transmissions spectrum profile of probe laser
beam.

In the DTLS, the polarizations of the pump and probe laser beams play
very important role in Zeeman coherences of the ground and excited states,
transfer of the coherence from the excited states, contribution to optical
coherences between the ground and excited states because the polarizations
connect magnetic sublevels of the ground state with those of the excited
states. In case of cycling transitions of both isotopes of rubidium atom, the
probe transmittance peaks which results from atomic coherence is dominant
because of transition selection rule the population of any ground state of
cycling transition cannot optically pumped into any other or non- resonant
states.

In this chapter we have applied for this solutions to understand the
spectra of the EIT-like and EIA including the pump and probe absorption
spectra due to adjacent hyperfine levels and velocity groups of the atoms.
The observed signal profiles are compared with probe transmission signals
calculated from the generalized time-dependent density matrix equations and
match well with the calculated signal profiles. Thermal averaging of
velocities of atoms in the cell is taken into account and complete analysis of
arbitrary polarization change of the probe beam. Then, we have obtained the
transition coefficient by averaging the calculated density matrix elements

over a Maxwell-Boltzmann velocity distribution.
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3.2 Experimental setup for same-circular and linear-
linear polarization configuration
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Fig. 3.1 Schematic diagram with two home-made External cavity diode lasers for
same-circular and linear and parallel polarizations of both pump and probe beams.
Figure keys: M-mirror, Ol-optical isolator, W-window, APP-aperture, BE-beam
expander, A/2- half wave plate, A/4-quarter wave plate, NDF- neutral density filter,

PBS-polarizing beam splitter, PD-photodiode.

The Experimental setup is described schematically in above Fig. 3.1.
Two separate 780 nm homemade external cavity Diode lasers (ECDL) are
used for both pump and probe beams. The frequency of probe beam is fixed
and locked on Fy= 3—F, = 4 of ®Rb D2 transition line by using home-made

lock-in amplifier. As shown in Fig, the vertically polarized coupling laser
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beam after passing through optical isolator is sent into one of the beam
expander to expand this beam up to 6 mm in diameter. An aperture is
inserted in the path of coupling laser beam which control the size of beam
used for experiment. Before mixing with weak probe laser beam at beam
splitter (BS) which is placed just before the magnetic field shielded rubidium
vapor cell, this coupling beam has to pass through half wave plate (HWP)
and quarter wave plate (QWP). A neutral density filter (NDF) and these two
plates contribute to control the variations in power and polarizations of
coupling laser beam respectively. At BS the transmitted coupling beam is
useless and is blocked while the reflected beam is used in cell experiment.
Similarly another vertically polarized beam from probe laser is first divided
into two parts by using another BS. The reflected beam from this BS is
further divided by window to use for saturation absorption spectroscopy
(SAS) setup to lock the laser frequency on desire hyperfine transition line.
After window 90% of the total power of laser beam is transmitted while the
remaining 10% will be reflected. These transmitted and reflected beams are
used as pump and probe for SAS setup to observe the spectra. On the other
hand the transmitted beam from second BS is sent to another beam expander
to expand it up to required diameter. This expanded probe laser beam mixed
with coupling beam at BS after passing through HWP and QWP. As
mentioned that both lasers beams are vertical polarized but after passing
through many optics the polarization state of these beams may be changed up
to some extent so that the polarizations of the pump and probe lasers beams
are made vertical polarizations just before a BS by using two HWPs once
more. This experimental setup can be used for two different polarization
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configurations of probe and coupling lasers beams. One of them is linear and
parallel case while the other is same-circular polarization configuration For
same-circular polarization configurations, two separate QWPs with optics
axis angle € = 45 with respect to y-axis for the pump and probe lasers are
used to have same right circular polarizations just before the BS where two
beam are combined. Both slightly deviated beams are overlapped well near
the center of a magnetic shielded rubidium vapor cell for the pump and
probe experiments. At long distance from the cell these two beams are
separated and the pump beam is blocked while the probe beam is focused on
a photodiode to measure the transmission of the probe beam through the cell.
In case of linear and parallel polarization configurations of pump and probe
lasers beams, two QWPs before BS for the coupling and probe experiment
from the setup with same-circular polarization configuration are removed. In

this way both the coupling and probe beams are vertically polarized.
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3.3 Experimental setup for orthogonal-circular and
linear-perpendicular polarizations configuration
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M/ e N\
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Fig.3.2 Schematic diagram with two home-made External cavity diode lasers for
circular- orthogonal and linear - perpendicular polarizations of both pump and
probe beams. Figure keys: M-mirror, Ol-optical isolator, W-window, APP-aperture,
BE-beam expander, A/2- half wave plate, A/4-quarter wave plate, NDF- neutral
density filter, PBS-polarizing beam splitter, PD-photodiode.

By making some modifications in Fig. 3.1 and converting it into Fig. 3.2,
we can use this setup for circular and orthogonal polarization configuration
of coupling and probe lasers experiment in vapor cell. Further some changes
in this setup will able us to use this experimental setup for liner and
perpendicular polarization experiment of coupling and probe lasers beams.
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For the experimental case of circular and orthogonal polarizations of the
coupling and probe beams, one need to replace BS by PBS and inserting two
quarter wave plates just before and after Rb vapor cell in Fig. 3.1 Finally one
PBS should be inserted before the photodiode. As mentioned both beams are
vertically polarized. The polarization state of probe beam is changed to
horizontal polarization by changing the optic axis HWP. Now this beam
transmits from PBS which is inserted before Rb cell. The vertically polarized
coupling beam and horizontally polarized probe beam are mixed at PBS and
very well overlapped in the throughout the rubidium vapor cell. When the
polarization angle of QWP inserted before cell is set at € = -45 degree with
respect to y-axis, then This arrangement prepared pump beam as left
circularly polarized and at the same time initially horizontally polarized
probe beam will be right circularly polarized. These two circular and
orthogonal polarized beams interact with randomly moving atoms in the cell
and emerged out to second QWP which is set at € = - 45 degree with respect
to y-axis after the cell makes again the coupling beam as vertical polarized
and probe beam horizontal polarized, respectively. When these two well
overlapped beams reached at 2" PBS placed after vapor cell, the vertical
pump beam reflected at 90 degree and horizontally polarized probe beam is
transmitted. The reflected beam is blocked while the transmitted beam is
detected by photodiode and monitored by oscilloscope.

In case of linear and perpendicular polarization configuration we need to
remove both QWPs from the setup which are inserted before and after
rubidium vapor cell. In this situation after 1% PBS the coupling beam is

vertically polarized while the probe beam is horizontally polarized. When
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these two well overlapped beams reached at 2" PBS after passing through
Rb vapor cell, the vertical coupling beam reflected and horizontally
polarized probe beam is transmitted. The reflected beam is blocked while the
transmitted beam is detected by photodiode. The intensities of both beams

were controlled by two separate neutral density filters (NDF).

3.4 Circular and orthogonal polarization dependences of the
velocity dependent probe transmission signal

We have investigated theoretically and experimentally probe
transmission profiles due to thermal velocities of atoms and scanning
strong coupling laser frequency from Fq= 3 to Fe= 2, 3, 4 with weak probe
laser resonant on Fg =3 — F, = 4 of 8Rb atoms with respect to polarization.
We have calculated the transmission and absorption spectra of ®°Rb
between hyperfine-level Fy = 3 — F. = 4 with degenerate magnetic
sublevels when polarization coupling beam is changed from right circular
polarized to left circularly polarized with fixed probe beam polarization. In
DTLS polarization of probe and control lasers fields plays significant role
to transfer of population from excited states and consequently variation in
absorption and transmission signal profile is observed when the polarization
state of control and probe lasers fields were changed. The experimental
results matched well with those results which were calculated from density
matrix equation. As probe and control lasers co-propagates through cell,
detuning for control and probe lasers which atom feel are & control = 0c - kv
and JSprone = Op - KV, respectively where &¢ and 9§, are control and probe laser

detuning from Fy = 3 — F. = 4 resonance line respectively. Fig. 3.3(a) and
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Transmittance

(b) shows spectral change between frequency region including Fe = 2, 3,
and 4 hyperfine components with reference to fixed laser frequency of Fy =
3 — Fe= 4 and for theoretical calculation and experimental observation,
respectively. Here polarizations of control beam are changed from right
circular polarization to left circular polarization while the polarization of
probe laser is right circularly polarized
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Fig. 3.3 Transmission spectra of F; =3 — F¢ = 4 of ®Rb (a) theoretically calculated
from density matrix equation (b) experimentally observed spectra. Probe laser is
right circularly polarized and the polarization of control laser is change from right
circular polarization to left circular polarization. Shape and size of signal is changed
due to redistribution of atomic population for different polarization state of control

laser field.
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Fig. 3.4 Energy level diagram of ®Rb showing the hyperfine structure of the 5S,,

and 5P, levels.

Here we describe some detail about occurrence of seven peaks at different
frequency domain. As the frequency of probe laser beam is fixed and locked
between Fy = 3 and Fe= 4 hyperfine of ®Rb D2 transition line. The pump
beam is scanning between ground (Fq = 3) and excited hyperfine components
(Fe = 2, 3, 4). As we have selected Fe = 4 as a zero point, then possible
velocity groups on resonant to the hyperfine components due to the pump
beam can be 0 - kv = 0, -A43(= 120.64 MHz), and -A4(= 184.041 MHz) as
shown in Fig. 3.4 (as pump beam scanning between hyperfine components
Fe = 2, 3, 4) ) and possible velocity groups on resonant to the hyperfine
components due to probe laser beam scanning can be 6. kv = 0, -Ag3(=
120.64 MHz), and -A4(= 184.041 MHz). Thus detuning &; which an atom
feels for pump and probe laser can be obtained from kv = 0, 120.64 MHz,
184.041 MHz. Thus §; = -184.041 MHz, -120.64 MHz, -63.401 MHz, 0
MHz, 63.401 MHz 120.64 MHz, 184.041 MHz. Thus we observe seven

resonances peaks when the pump laser is scanned through hyperfine
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components between Fe = 4 and Fe = 2 as shown in Fig. 3.3a (theoretical
calculated) and 3.3b (experimentally observed). As mentioned that the
polarization of probe beam is fixed at right circular polarization while the
polarization of coupling laser is changed from right circular to left circular
polarization by changing the angle between optics axis of the quarter wave
plate and vertically polarized probe beam with an increment of 15 degree. A
vertically polarized coupling beam is passed through quarter wave plate with
optic axis angle of +45 degree with respect to y-axis to make it as right
circularly polarized coupling beam. Than the optic axis angle (g) of the
quarter waveplate with respect to the y-axis is rotated in anti-clockwise
direction by +15 degree. The polarizations of the pump beam at € = 0 and
¢ =15 are vertically linear polarization and elliptically polarizations. Finally
the polarization of the coupling laser beam becomes left circular polarization
at € = -45. For each polarization of the probe laser beam, transmission signal
of the probe beam are measured theoretically and experimentally. In Fig. 3.3
we have seven calculated and observed resonance peaks in between -300
MHz to 300 MHz control laser detuning frequency range. We can see that
the signal for cycling transition Fg= 3 to F.= 4 (fourth peak from left to right
in the Fig. 3.3) is significantly changing as the polarization of coupling laser
is changes. In case of c'—c" —polarization (both coupling and probe lasers
are right circularly polarized) the doublet structure (EIT-like) can clearly be
observed which is the main difference from case of 6~ -polarization of
probe and coupling lasers in the spectrum. According to transition selection

rule Am_=0, =£1, the right circularly polarized probe beam is consider to be
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taken as m_ = +1 and coupling laser as m_ = -1. In this particular condition,

the two photon transition probability is lowest then all other polarization
configuration of coupling and probe lasers beams. The atomic populations
decay into dark state through optical pumping process by control laser and
due to high saturation effect the transmission increase. Similarly if we look
at other peaks of the spectrum it can be seen that first and second peaks
continuously increasing as the polarization of control laser changes from
right circular polarization to left circular polarization. Intensity of third, fifth
and sixth peak is gradually decreasing while the 7" peak of the spectrum is
totally upside down with orthogonal polarization state of probe and coupling

lasers fields due to redistribution of atomic population in magnetic sub levels.

3.5 Linear-linear polarization dependences of the velocity
dependent probe transmission signal

0.2 9 probe: Horizontal
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Fig. 3.5 Experimentally obtaind probe beam transmission spectra in case
of linear and orthogonal polarization configuraltion.
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We have observed experimentally probe transmission profiles due to
thermal velocities of atoms in coupling-probe experiment from hyperfine
level between the ground 5S;, and excited 5Ps, D2 transition line of ®°Rb
atom with degenerate magnetic sub-level with respect to changes of
polarization of coupling beam We have calculated the transmission and
absorption spectra of ®Rb between hyperfine-level Fy = 3 — F. = 4  with
degenerate magnetic sublevels when polarization coupling beam is changed
from vertically polarized to horizontally polarized by changing the angle
between optics axis of the half wave plate and vertically polarized coupling
beam with an increment of 15 degree while the polarization of probe laser is
fixed as horizontal linear polarized.

As explained earlier in detail the occurrence of probe transmission peaks
in case of circular polarization configuration of coupling and probe laser
fields. Similarly in case of liner polarization configuration of coupling-probe
fields, one can explain these probe transmission peaks exactly similar way.
Fig. 3.5 show transmission profile variation with respect to scanning of
coupling laser beam between-300MHz to 300 MHz in closed system with
zero detuning at Fy = 3 and F, = 4 of %Rb atom. The probe and coupling
powers were kept fixed as 10 uW and 1mW respectively. The probe laser
frequency is fixed and locked to transition between Fy= 3 ground and Fe= 4
excited state while the frequency of control laser is scanning. In case of
linear and parallel polarization configuration of coupling and probe laser
beams, the level configuration consists of separate two-level system which is

connected through spontaneous emission. Each two-level system compose of
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a two Zeeman sublevel with equal magnetic quantum number in ground and
excited state mg= me. A narrow transmission peak in linear and parallel case
can be observe as the population transfer due spontaneous emission between
pairs of level connected by these fields. As coupling-probe laser cannot form
N-type or V-type atomic system in case of linear and parallel polarization
configuration, that is why we cannot observe EIA-dip in lowest peak of Fig.
3.5.

In linear-linear configuration, the most interesting and most complex
case is linear and orthogonal polarizations of coupling and probe beams.
Linear and orthogonal polarization configuration provides almost similar
probe transmission signal as in case of circular and orthogonal polarizations
of coupling and probe laser because each of linear polarization consist of
right and left circular polarizations with more transitions lines in DTLS. In
Fig. 3.5 the top most curve show the result for case when coupling and probe
laser fields are linear and perpendicular polarized. The main difference
between circular-orthogonal and linear-orthogonal case is the optical
pumping effect. Optical pumping is linear phenomenon for spontaneous
decays and compare to linear polarization configurations the optical pumping
effect in circular polarization configuration of coupling and probe laser is
much stronger. When the polarization coupling and probe beams are linear
and orthogonal, the strong coupling beam will transfer all the atomic
populations to Zeeman sub-level through optical pumping mechanism and as
result probe transmission decrease down at zero detuning regions. In DTLS
polarization of probe and control laser fields plays significant role to transfer
of population from excited states and consequently variation in absorption
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and transmission signal profile is observed when the polarization state of

control and probe lasers fields were changed.

3.6 Power dependent probe transmission spectra in case of
linear and perpendicular polarizations.

BSRb
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Fig 3.6 Experimentally obtaind coupling power dependent probe transmission
spectra in case of linear and orthogonal polarization configuraltion between -300
MHz and 300 MHz.

In Fig. 3.6 we show obtained coupling power dependent transmission
spectra of Fg = 3 — F.= 4 D2 transition line of 8Rb atom in rubidium vapor
cell. Probe laser is horizontally polarized while the control laser is linear

vertically polarized. The intensity of probe laser is fixed at 10 uW while the
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intensity of coupling beam is changes from 75 pW to 2.4 mW. Probe laser is
locked to Fg = 3 —F¢ = 4 while the coupling laser is scanned through
hyperfine Fg= 2 and 3 — F.= 1,2,3,4 of ®Rb. In linear and perpendicular
polarization configuration, all ground state magnetic sub-levels are coupled
to strong coupling laser beam and atomic population is distributed among all
these ground state sub level. The size of these seven peaks depends upon the
power of lasers beam. As shown in Fig. 3.6, when power of coupling laser is
very weak, the optical pumping effect is lower and we observe smaller sized
transmission spectra. However as power of coupling laser is gradually
increased, the transmission peaks become clearer because the intensity of
coupling laser is directly related to atomic coherence and in cycling
transition one can observe very interesting phenomenon of probe absorption
at zero detuning. It is already explained in detail in case of circular-circular
polarization configuration that why and how these seven peaks appears when
coupling laser scanned between -300 MHz and 300 MHz frequency range.
Due to optical pumping effect the shape and size of transmitted peaks are

changes due to redistribution of atomic population.
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3.7 Probe Transmission spectra in an open system
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Fig. 3.7 Probe transmission spectra of Fg =2 —>Fg=3o0f ®Rb at (a) theoretically

calculated from density matrix equation (b) experimentally observed spectra. Probe laser is
right circularly polarized and the polarization of control laser is change from right circular

polarize to left circularly polarized.

This set of experiment was performed using co-propagating coupling and
probe laser beams in an open system of ®*Rb atom D2 line. Theoretically
calculated and experimentally observed probe transmission spectra are

shown in Fig. 3.7 the intensities of coupling and probe lasers were 90 pW

and 9 uW respectively. The frequency of probe laser beam is fixed and

locked between Fq = 2 and Fe= 3 hyperfine of %Rb D2 transition line and

coupling beam is scanning between ground Fy = 2 and excited hyperfine

components Fe = 1, 2, 3. As probe laser is tuned to hyperfine level Fg =2 —

Fe= 3 for zero velocity atoms, the transmission of probe laser is increases
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when the coupling laser tuned to Fg =2 — F. =1, 2, 3 also for zero velocity

atoms. The additional peaks appears in the spectrum can be explain by
Doppler effects. For atoms moving in opposite direction to the propagation
direction of laser beam with some particular velocities which correspond to
the shifts of 63.4 MHz and 92.7 MHz shown in Fig. 3.4. It is clear that the
atoms with velocities which can provide a shift of 63.4 MHz interacting with
probe laser beam. The probe laser couple the transition Fg =2 — F.= 3. One
can observe the probe transmission peak if the coupling beam is tuned same
transition for the same velocity group. This means the peak at 92.7 MHz is
not only because of laser interactions with zero velocity atoms but also
interaction of atoms in 63.4 MHz shifted velocity group. As coupling and
probe laser co-propagates through vapor cell detuning for coupling and probe
lasers which atom feel are & control = 0¢ - kv and  Sprone = 8p - Kv, respectively
where &; and &, are coupling and probe laser detuning from Fq=2 — Fe =
3 resonance line respectively. Fig. 3.7(a) and (b) show spectral change
between frequency region including Fe= 1, 2, and 3 hyperfine components
with reference to fixed laser frequency of Fg =2 — F.= 3 and for theoretical
calculation and experimental observation, respectively. Because of Doppler’s
effect, the additional peaks in the spectrum can be observed. From energy
level diagram shown in Fig. 3.4, one can predict the exact position of these
peaks by looking at frequency shifts due to the Doppler’s effect as energy
shifts of excited level. As we have taken F¢ = 3 as a zero point, then possible
velocity groups on resonant to the hyperfine components due to the pump
beam can be 0 - kv = 0, -Ag3(= 63.4 MHz), and -As;(= 92.7 MHz) as shown
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in Fig. 4 (as pump beam scanning between hyperfine components Fe = 1, 2,
3) ) and possible velocity groups on resonant to the hyperfine components
due to probe laser beam scanning can be dc- kv = 0, -A3»(= 63.4 MHz), and -
Az1(= 92.7 MHz). Thus detuning 3. which an atom feels for pump and probe
laser can be obtained from kv = 0, 63.4 MHz, 92.7 MHz. Thus J; = -92.7
MHz, -63.4 MHz, -29.3 MHz, 0 MHz, 29.3 MHz 63.4 MHz, 92.7 MHz. It is
observed that the population distribution of among the ground sub-levels are
affected by polarization configuration and intensities of laser filed so the
magnitude of the transmitted peaks showing different behavior at different
polarizations of coupling and probe lasers beams. The experimental results
matched very well with those theoretical results which were calculated from

density matrix equation.

3.8 Probe absorption and transmission spectra in an open
system

It has been believed that in open system EIA signal could not be occur.
However, Kim et al. [30] observed EIA signal in an open system using an
orthogonal linear polarization configuration of coupling and probe laser
beams with co-propagating beam directions Here we describe the
experimentally observed narrow EIA-dip signal in open system of ®*Rb and
8Rb D1 and D2 transitions line.

The experimentally observed EIA signal in D2 transition line of both
isotopes of rubidium atoms for circular and orthogonal polarized coupling

and probe lasers with coupling power of 3 mW and probe laser power of 10

52 -



uW are shown in Fig. 3.8 (a) and (b).
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Fig. 3.8: Experimentally observed EIA signal when control laser is right circularly
polarized and probe laser is left circularly polarized. The power of control laser is 3 mW
while the power of probe beam is 10 pW. (a) Probe laser is locked to Fg= 3 — F, = 3 while
the coupling laser is scanned through hyperfine Fy = 2 and 3— F, = 1,2,3,4 of ®RB (b)
probe beam is locked to Fy = 2 — F, = 2 and coupling laser is scanned through hyperfine
Fs=1and2 —» F.=0,1,2,3 of $Rb D2 transition line in an open system. The bottom curve

show the SAS signals of respective rubidium isotopes.

By using saturation absorption spectroscopy (SAS), the probe beam is
locked to hyperfine components Fy = 3 — F.= 3 and scanning of control
beam between -300 MHz and +300 MHz between frequency region
including Fy = 2 and 3—F, = 1,2,3,4 of ®Rb and similarly in case of ®'Rb,
probe beam is locked to Fy = 2 — F.=2 and coupling laser is scanned
through hyperfine Fg = 1 and 2 — F.= 0,1,2,3. As mentioned [2] that to

observe EIA the atomic system must be closed but in case of Fg =3 — F.=3
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of ®Rb and Fy = 2 — F.=2 of ¥’Rb atom system are open because of
selection rule excited stat atoms can decay back to both of ground state sub
levels and does not obey one of the three conditions for observing EIA dip
signal so one can expect EIT because control laser is pumping atomic
population in to those ground levels which are not coupled to probe laser
(dark state) so the number of atoms in original ground state are reducing
down. These dark states coupled coherently with control and probe laser
fields but the probability of transfer of coherence from excited state to
ground state reduced down so we observed decreased EIA dip signal
compared with a closed system. The structure near frequency +121MHz,
+194 MHz etc. in upper trace of Fig. 3.8 (a) and similarly the structure near
frequency +267 MHz and +410 MHz in upper trace of Fig. 3.8 (b) are due to

velocity selective optical pumping.

3.9 Absorption and transmission spectra in D1 line (open
system)

In case of D1 line, we obtained EIA signal along with VSOP peaks for all
possible allowed optical transitions. Fig. 3.9 show the schematic diagram of
energy levels for both isotopes of Rb atom and each isotope separately

compose of four allowed transition lines between 5S3,, and 5Py, level.
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Fig. 3.9 Energy level diagram of ®Rb and ®'Rb atoms D1 line showing
hyperfine structure of the 5S,,, and 5Py, level. Energy values are in MHz.

Experimentally observed probe absorption spectra for various values
pump power with fixed probe intensity at 30 uW is shown in Fig. 3.10. The
probe beam frequency is fixed and locked to the transition between Fq = 2
and F, = 3 hyperfine D1 transition line of ®*Rb atom while pump beam
frequency is scanning around the same transition. Probe laser is horizontally

polarized while the control laser is vertically polarized
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Fig. 3.10 Experimentally observe probe absorption spectra for Fy= 2 to F
= 3 D1 transition line of ®Rb atom for various coupling powers with fixed

probe laser power of 30 uW. The bottom curve is SAS signal for calibration.

By looking at the spectra shown in Fig. 3.10, we can observe the
transmission peak on left side of EIA-dip signal near -362 MHz which is
quite similar separation as shown in Fig. 3.9 between Fy = 2 — F, = 3 of
®Rb atom. This transmission peak is due to velocity selective structure with
broad linewidth (FWHM). We could not observed EIA dip-signal up to 1
mW of coupling laser field but as the intensity of coupling field is increased
we observe clear EIA signal which stated with 1.5 mW and signal become
more clears with high coupling power of 5.5 mW. Compare to closed system
much power is needed to observe EIA signal in an open system.

Fig. 3.11 show the absorption spectra observed in open system (Fq = 3 to
Fe = 2) of ®Rb D1 transition line as a function of pump laser detuning
frequency depending upon the intensity of coupling laser field. The pump

laser is vertically polarized and probe laser is horizontally polarized. The
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probe laser frequency is locked to transition between Fq= 3 ground and F.=
2 excited state while the frequency of pump laser is scanning. The intensity
of probe laser is fixed to 15 uW and the power of pump laser field is
changing from 1mW to 8.5mW with an interval of 1 mW. The bottom curve
shows SAS spectrum. We can see two transmittance peaks at Fj= 3 —F.= 2
and Fg = 3 — Fe= 3 respectively, at coupling laser power of 1 mW. These
peaks occur when control laser depletes population in open system by optical
pumping. Most of the atoms in F,= 2 state decay spontaneously to ground

stat Fg = 3 and remaining atoms transfer to other ground state Fy = 2.
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Fig. 3.11 Experimentally obtained probe absorption spectra of Fg=3to F, =2, 3

D1 transition line as a function of control laser frequency while the probe laser

frequency is locked to Fy= 3 to F, = 2. Probe laser is horizontally polarized while

control laser is vertically polarized. The power of probe laser is fixed to 15 uW.

The power of control laser is increasing from 1 mW to 8.5 mW. The lowest curve
indicates the SAS spectra of D1 line of ®*°Rb.
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Since this system is an open system and absorption spectra should show
transmission because strong coupling laser optically pumped the atomic
population to other sub-levels which are not coupled with weak probe laser.
Up to ImW of coupling beam power we only observe the transmission
peaks as the power of coupling laser field increases, EIA dip start to appear
near 3.5 mW. Furthermore, an increase in control laser power breaks up EIA
into two dips and convert it to EIT based on CPT into dark state. But we
observe EIA signal although these observed signals are very small compare
to those signals which we obtained in a closed atomic system of both
isotope of Rb atom. Thus we can say that spectrum shown in Fig. 3.11 is
determined by EIT. This conversion of EIA into EIT also been observed by

Z.Y-Ting et al. [42] in closed system of Cs atoms.
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Chapter 4
Spectral features of electromagnetically induced
absorption in *Rb atoms

4.1 Introduction

Previously there have been lot of research works related to broad EIA-
dip signals based on different parameters like powers of beams, different
polarization configuration, beam size, and geometry of the experimental
setup etc., but thermal averaging effects on spectral features like ultranarrow
signals of EIA were not investigated theoretically and experimentally with
respect to power of pump beam by many researcher groups. In high power
pump limit of circular and orthogonal polarization configuration, thermal
averaging effects play decisive role in the splitting of EIA spectra.

In this chapter we provide comprehensive detail of absorption spectra by
using newly developed theoretical technique. This technique is used for
solving the generalized time dependent density matrix equation to explain
the features of absorption spectra without considering phenomenal
parameters. This new method unravels EIA spectra with ultra-narrow and
split signals based on intensity of pump laser beam in both thermal and
stationary atoms. In this chapter we mainly focused on obtained transmission
spectra for the case of Fg= 3 — F. = 4 cycling transition D2 line of ®Rb
atoms. Pump beam power dependent ultranarrow and split spectral features
of EIA in broad subnatural EIA have been investigated. Sensational

variations in ultranarrow signals are observed with an increase in pump
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power due to thermal average effects. In case of same-circular and circular
and orthogonal polarization of pump and probe beams, the EIA signals have
ultranarrow EIA features in low power of pump beam. However at high
power of pump beam the behavior of EIA signals are different at different
polarization states of pump and probe beams. A complete detail of EIA
features with respect to pump power in case of same and orthogonal
polarization configuration is present in upcoming sections of this chapter. A
part from these EIA features we make sure the coherent effect in EIA by
investigating the difference between transmission signal with and without
coherence terms in density matrix equation such as transfer of coherence or
Zeeman coherence. We concluded that the coherence terms of density matrix
equation determined the broad dips in normally coherent EIA features
instead of incoherent power saturation effects.

Our experimentally observed results in case of two independent lasers for
each of pump and probe match well with the calculated features for same and
orthogonal polarization configuration except ultra-narrow EIA peak. This is
because of lasers linewidth of two independent pump and probe lasers which
is approximately equal to 2 MHz.
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4.2. Calculated absorption spectra from various coupling

beam Rabi frequencies

4.2.1Theoretical calculated spectra

Probe absorption signals with coherence effects between magnetic
sublevels were calculate by using above mentioned technique. Pump-beam
Rabi frequencies dependent absorption spectra have been calculated. The
coupling beam frequency detuning is fixed at the resonance line while the
probe beam frequency is detuned. The results for the stationary atoms (v = 0)
and Doppler thermal averaged results in case of same polarization
configuration are shown in Fig. 4.1(a) and (b) and for orthogonal
polarization configuration of pump and probe beams are shown in Fig. 4.1(c)
and (d), respectively. In Fig. 4.1, the Rabi frequency of the probe beam is 2z
x 1MHz (hereafter, 2z is omitted). At low pump Rabi frequencies the
ultranarrow EIA spectra are observed in both, same and orthogonal
polarization configuration when the stationary atoms are considered which
are shown in Fig. 4.1(a) and (c). As the pump Rabi frequency increases,
famous Mollow-type three-peaks are observed and shown in Fig. 4.1(a),

while  four  absorption peaks are  found in Fig. 4
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Fig. 4.1 Theoretical probe absorption spectra obtained in the cases of same (¢" — ")
polarization configuration (a) between —30 and= 30MHz with v = 0, (b) between —10
and 10 MHz with thermal motions of atoms, (c) orthogonal (¢ — ¢") polarization
configuration between —30 and 30 MHz with v = 0, and (d) between —10 and 10 MHz

with thermal motions of atoms, respectively.

Fig. 4.1(d) shows the results of case when thermal average effect is taken

into account. It can be seen that as the pump Rabi frequency increases the
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ultra-narrow EIA peaks become wider and splitted but still the linewidth of
these peaks remains sub-natural. In Fig 4.1(c) the ultra-narrow signals which
were observed up to 3 MHz of pump Rabi frequency remain only at 1 MHz
of probe Rabi frequency. In case of same polarization combination of pump
and probe laser beams, the ultra-narrow peak can be observed at low power
of pump beam and even at high power of pump laser this ultra-narrow peak
are generated but the magnitude of this ultra- narrow signal become weak as
shown in Fig.4.1(b).

To examine various aspects of thermal averaged absorption coefficient
for same and orthogonal polarization configuration cases, particular
absorption coefficient at v = 0 and + 5ms™ are calculated as shown in Fig.4.2.
As observed in the partial energy level diagrams using a dressed state
formalism shown in Fig. 4.2, the resonances of the probe detuning (dp) for

the same and orthogonal polarization cases at d. = O are given by

d,=0,+ /(kv)2 + Q3 (4.1)

for same polarization,

d, = il/Z[\/(kv)Z +Q5 + \/(kv)z +150Q5/28 ],

il/Z[J(kv)z +035 — \/(kv)z +15Q3/28] (4.2)

for orthogonal polarization case respectively.
It can be seen in Fig. 3 that separation of dressed state is different. In case
of same polarization configuration ultra-narrow peaks can be observed at all

pump laser power in thermal averaged absorption spectra. This fact can be
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explained and understand in straight forward way: despite the consequences
of motion of atoms, there exist a dispersive-shaped resonance at dp= 0 as
mentioned in equation (4.1). The slope of this resonance for positive and
negative value of atomic velocity is totally opposite to each other which can
be seen in Fig. 3(a). The narrow absorptive signal which is shown in Fig
4.2(b) is the consequence of combined velocities effect contributed by
individual atom. On the other hand in case of orthogonal polarization
configuration, refer to equation (4.2) the atomic velocities dependent four
resonances exist. Fig. 4.2(b) show the result of these particular case for v =20
and V= + 5ms™. After taking thermal averaging effect the two outer

resonances result flat signals. Similarly two interior resonances results in two

splitted EIA signal centered at ~ * (1 — (15/ 28)¥%)Q,. So ultra-narrow

signal can only be observed at very low power of pump beam and splitted
EIA spectral profile at moderate or high pump power.

In Fig. 4.3 we show the results for pump scanning at resonant condition of
probe (d, = 0). All the parameters and schemes are just similar as those in Fig.
4.1. The narrow features for zero velocity atoms are similar to those result
which are presented in Fig 4.1 due to coherent effect which is commonly
depends upon the difference in detuning of pump and probe laser beams. But
on the other hand the Mollow-type three resonance peaks due to same

polarization

- 64 -



T =2=XT MHZ [9=

1.2 co :
. d=0MHz Q=20GMHz ¢ 4 _—
o b = ’ . 3
‘S 1.04 X )
g 0.8
< 06 Q,
-.g 04
§ 02

oof "~~~ 3 —

16>
10 5 0 5 10
Probe Detuning (MHz)
(a)
G Q=X MHz . 1> 13>
@ 03 d=0MHz Q=2nX5MHz: 4 —— 2
§ 0.2
5 Q, 5 (1528)°Q,
- A‘
§ 0.1 ]
e
0.0 : : _ _ L
-10 5 0 5 10 |10 (12>

Probe Detuning (MHz)

(b)
Fig. 4.2 Calculated absorption coefficients for (a) the same and (b) orthogonal polarization
cases at v =0 and +5 m s—1. Simple dressed state energy level diagrams are also shown to

explain the resonances.

and four absorption peaks in case of orthogonal polarization combination are
not easily visible. This happened because the exact location of resonance
depends upon the Rabi frequency and detuning of pump beam. As pump
beam is scanning so there will be variation in its detuning and that is why the

resonance become unclear. When thermal averaging effect and small
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scanning range are considered then non coherent effects are averaged out so
we can observe almost similar absorption spectra shown in Fig. 4.1. At far
detuning region, it is mostly observed that the results for two scanning

schemes are different.

4.3 The origin of the broad sub-natural EIAs

To investigate the origin of broad sub natural EIAs, we solved
density matrix equation in such conditions that coherence effect such as
Zeeman coherence and transfer of population were not taken into account.
Theoretically calculated probe absorption spectra with and without
coherence effects between magnetic sub levels are shown in Fig 5. The
absorption spectra with coherence effect is represented with solid line and
without coherence effect is shown by dash line are observed in case of same
(¢" — ¢” and (b) orthogonal (¢ — ¢") polarization configurations. For
numerical calculation we take the circular laser beam with radius 2mm and
Rabi frequencies of 15.7 MHz for pump and 0.94 MHz for probe beam.
The method of calculation without considering the coherence effect is called
simply rate-equation. As shown in Fig. 4.5, in the results of the rate-equation
calculations disregarding coherence effects such as TOC and TDTOP, EIA
spectra disappear. So the occurrence of EIA in both case due to coherence
effects instead of incoherence effects.

In Fig. 4.4(a), rate-equation calculations were performed by neglecting

time-dependent terms in equation (2.4) and terms of e 2" and e in
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equation (2.5), which result from the nonlinear wave mixing between the
pump and probe field. There exists significant difference between the cases
when calculating the absorption spectra with and without coherence effects.
This mean that the coherence term leads to results in both ultra-narrow
absorption signal and broad subnatural EIA signals. In off resonance
condition the population oscillation term do not disappear so big difference
is exists between two results. even though absolute inequity of the signals
due to coherence effects was reported in the case of pure two-level atoms [43,
44], it was not likely to discriminate the signals for the complex levels of F
= 3 — F. = 4 of the ®Rb-D2 line. In Fig. 4.4(b) the rate equation
calculations are carried out by neglecting the Zeeman coherences between
the magnetic sublevels in the excited and the ground states. But, the
difference between cases with and without coherence effects exists only near
zero detuning because the Zeeman coherences established between the
magnetic sublevels in the excited state die out in the off resonance situation.
Obviously it can be seen that the EIA was take place due to transfer of

Zeeman coherence of the excited states.
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Fig. 4.3 Theoretical probe absorption spectra for the coupling-detuning scanning,

obtained in the cases of same (¢ © — &) polarization configuration (a) for stationary

atoms, (b) for thermal atoms, and (c) orthogonal (¢ ~ — ¢") polarization configuration for

stationary atoms,(d) for thermal atoms.
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inset of Fig. 4.4 (a) ultra-narrow spectrum is shown.

4.5 Explanation of Experimental results.

The experimental setup is described schematically in Fig. 3.1 and also a
comprehensive detail of this setup is present in section 3.2. For this particular
case of experimental results we used the same experimental setup. The lasers
beams with diameter of 4mm and Rabi frequencies of 15.7 MHz for pump
and 0.94 MHz for probe are used to observe EIAs absorption spectra. By
using saturation absorption spectroscopy (SAS), the probe beam is locked to

the hyperfine Fy = 3 — F¢ = 4 transition line while the pump laser is scanned
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in wavelength around the same ( Fy = 3 — Fe = 4) transition.

Fig. 4.5 shows theoretical (upper curve) and experimental (lower curve)
probe transmission spectra for the transition Fy = 3 — F. = 4 of the ®Rb-D2
line obtained in the cases of (a) same (o+ — o+) and (b) orthogonal (6— — o+)
polarization configurations of pump and probe beams. For theoretical
calculation and experimental observation the spectral features which are
shown in Fig. 4.5 have observed when pump beam scanned between
frequency range —50 to +50 MHz with respect to the fixed probe-laser
frequency of the Fy = 3 — F, = 4 transition,

In case of same polarization configuration the pump and probe beams (¢*
— ¢") both the lasers excite the same magnetic sublevel between ground and
excited states. Thus it is obvious that in this situation pump-probe laser beam
cannot form N-type atomic system between magnetic sub-levels so that EIA
resonance signal cannot be observed. But there are theoretical predictions
for observing EIA signal even in case of same polarization of pump and
probe beams due to transfer of population. On the basis of theoretical
prediction and calculation we expect not only sub natural EIA signal but also
extra ultranarrow EIA signal implanted in broad sub natural EIA. Three
different features can be observed in theatrically calculated spectra shown in
Fig. 4.5(a). These features like an ultra-narrow EIA, a broad Subnatural EIA,
and a very broad probe transmission. All of these signals are enclosed in the
Doppler absorption profile. The middle wide probe-transmission spectrum
results from pump power-dependent saturation effects and its spectrum
increases as the power of pump laser increased. The inset in Fig. 4.5(a)
shows stretched spectra of the calculated EIA signal, which shows a spectral
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linewidth of ~0.1 MHz. These ultra-narrow and broad sub-natural EIA
spectra vanish whenever coherent effect such as TDTOP is eliminated.
Asymmetries of the main broad peak in Fig. 4.5 result from overlapping of a
closely adjacent spectrum due to power broadening without EIA, which are

not shown in Fig. 4.5.
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Fig. 4.5 Theoretical (upper trace) and experimental (lower trace) probe transmission
spectra obtained in the cases of (a) same (o+ — o+) and (b) orthogonal (6— — o+)
polarization configurations, respectively. The inset in (a) shows expanded portion of
ultra-narrow E1A embedded in broad sub-natural EIA obtained from the theoretical

calculation.

We mainly concentrate on the middle peak with EIA in the calculation
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without considering effects from neighboring peaks. In the theoretical
calculation, the effect of neighboring peak on the middle peak is not taken
into account so that a symmetric line is observed. The major dissimilarity
between theoretical and experimental results is situated at the central part of
the spectra, where results from the coherence effects of TDTOP are due to
spontaneous decay from upper excited magnetic sublevels for the same
polarization configuration.

A.D.W. Gordon et al. [43] and V.S. Letokhove et al. [44] reported that in
the case of a pure two-level system when the decay rate of the upper level is
less than that of the lower level due to collisional effects then the additional
ultra-narrow line can be observed. They did not consider coherence effects
due to interlinking between magnetic Zeeman sublevels. However, EIA is
created because of time-dependent oscillating population decays from levels
interlinked between magnetic sublevels even in our case, without such
collisions as hyperfine-changing collisions in the ground state where the
decay rate of the ground state is much slower than those of the excited states.
Ultra-narrow EIA signal was not observed in the experiment. The reason that
there is no ultra-narrow line in the central part of the spectra is that two
different lasers with linewidth of ~1 MHz produce an approximate 2 MHz
linewidth difference. Thus, spectral shapes much narrower than the laser
linewidth cannot be observed because of the large shared linewidths of the
two different lasers. In orthogonal polarization case the observed EIA signal
is slightly wider but not much deeper. Experimentally observed linewidth of
EIA is 3.8 MHz, which is similar to the theoretically calculated 3.3 MHz.
The linewidth of the EIA signal is smaller than the natural linewidth of 6
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MHz. At low pump power the EIA signal was not observed. With an
increase in pump power the EIA signal steadily increase. Fig. 4.5 (a) and (b)
show the agreement between theoretical and experimental transmission
signal except for central region. But we performed another experiment by
using one laser combined with acousto-optic modulators (AOM) which
provided much narrow linewidths of observed EIA spectra so that such ultra-
narrow EIA signal has revealed and presented in chapter 5.

The theoretical calculated spectrum in case of orthogonal polarization of
pump and probe laser beams shown in Fig. 4.5 (b) consist of two narrow,
split EI1A signal in upper curve, which splits into two EIAs due to the high
power of the pump laser beam. The split EIAs in the central area have a
spectral linewidth of ~1 MHz. The experimental spectrum in Fig. 4.5(b)
composed of an EIA signal inside the wide probe transmission in the lower
curve because of coupling-power saturation. The observed linewidth of EIA
is 3.7 MHz, which is similar to the calculated 3.2 MHz without taking into
consideration a narrow central peak with a linewidth of 1 MHz. The
linewidth of the EIA dip signal is smaller than the natural linewidth of 6
MHz. the experimentally observed spectrum which is compose of an EIA
signal. The absence of narrow and split EIA spectra inside the probe
transmission is due to pump power saturation effect. As mentioned above
that pump and probe laser beam together have broad linewidth so these ultra-
narrow and split EIA line could not observed. The increase in pump laser
power results in splitting of EIA signals. In case of same polarization
combination of pump and probe laser beams, the decrease in pump power
does not results in EIA signal. Except central region of spectra strong
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agreement between experimental and theoretical transmission spectra is
shown in Fig. 4.5 (a) and (b).
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Chapter 5

Observation of ultra-narrow spectral features of
electromanetically induced absopton in two-
level system with Zeema multiplet degeneracies

of ®*Rb atom

5.1 Introduction

Some researcher groups bevlied that there should be existance and
splitting of ultranarrow EIA signals based on powers and different
polarization combination of pump and probe laser fields. Even at
significantly low power of pump beam these ultranarrow signals should have
to observe due to time dependent transferof population(TDTOP) in DTLS in
case of same polarization combination of pump and probe fields. In closed
atomic system the splitting of these ultranarrow signal in case of orthogonal
polarization configurtion of pump and probe lasers can occure when the Rabi
frequency of pump beam is greater than the decay rate of upper excited state
and lower than probe intensity [29].

Uptill now there is no report on experimental obsrevation of such
ultranarrow spectral features of EIA signal profile in case of same and
orthogonal polarizaition combinations. Althouh an attempt has been made to
observe these predicted ultranarrow signals in case of same polarization

configurartion by using tow separate lasers sources for pump and probe laser
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beams [38] but they did not succed to generate these ultranarrow features.
The linewidths of these ultranarrow signal can have in the range of some tens
of kilo Hretz (90 to 100 KHz). Useually the lasers systems used for pump-
probe experiments have linewidth roughly equal to 1 MHz so in case of two
independent laser system experiment the the combined lienwidth of both
beam would roughly be equal to 2 MHz which is quite larger than compare
to linewidth of predicted ultranarrow signals and we think that this is the
main reason that in two laser system of pump- probe experiment no body
has generated usch ultranarrow EIA signals.

In this chapter we describe our major experimental breakthrough in
which we observe ultra-narrow EIA signals, which were theoretically
predicted due to TOP and TOC in cycling transition of DTLS of ®*Rb atoms.
The experimentally observed linewidths of EIA signal are less than 100 kHz
and much narrower than one predicted in [29]. For this purpose we used two
different experimental schemes by using single laser combined with two
acousto-optic modulators (AOMS) to investigate theoretical predictions. The
experimental ultra-narrow EIA features matched well with simulated spectra

obtained by using generalized time-dependent optical Bloch equations.

5.2 Experimental Setup

The experimental setup for same circular polarization configuration
is shown in Fig. 5.1. We used four different experimental schemes for
different polarization combinations of pump and probe laser fields.
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Fig. 5.1 Schematic of the experiment with one laser for both control and probe laser beams.
Figure key: M-mirror, Ol-optical isolator, W-window, AOM-acousto-optic modulator, BE-
beam expander, A/2- half wave plate, A/4-quarter wave plate, NDF- neutral density filter,

PBS-polarizing beamsplitter, PD-photodiode and BS-beam splitter.

A 780 nm homemade external cavity Diode laser (ECDL) is used for both
pump and probe beams. The frequency of probe beam is fix and locked on Fg
= 3 — F.= 4 of ®Rb D2 transition line by using home-made lock-in
amplifier. As shown in Fig, the vertically polarized laser beam is first divided

into pump and probe beams by using first window (W1). After window the
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reflected beam is further divided into two equal portions by beam splitter
(BS). At this point the one part of beam (transmitted) is used as a probe beam
for EIA experiment while the other part (reflected) of this beam is used for
SAS experiment. The scanning of pump laser frequency is achieved by using
two acousto-optic modulators (AOM). The vertically polarized transmitted
beam from window (W1) of frequency o was sent into first AOM1. The
AOM will be adjusted to be at Bragg angle such that only first and zero
orders beam will be emitted. Here we used the method of double pass of
pump beam through AOML1. As zero order beam is not important and there is
no more any use of it throughout the experiment that is why we blocked it.
To change the polarization state of the first order up-shifted pump beam, this
beam passed through quarter wave plate and focused on mirror. Here at this
point the pump beam was reflected to trace back the original path passing
through all optics and then into AOM1. As the beam has passed through
AOML1 twice which results the beam frequency up-shifted to wy + 20; ,
where o; is the central frequency of AOML1. Here the polarization of pump
beam has changed from vertical to horizontal polarization because this beam
passed twice through quarter wave plate. Now at this stage pump beam can
pass through PBS. This doubly up-shifted (oo +2w;) pump beam was once
again sent into second AOM2 for double pass down shift in frequency which
results as o +2m;- 20, Where w; is the central frequency of AOM 2. Again
this pump beam passed through 2" quarter wave plate twice so the
polarization of this doubly down shifted beam will be vertically polarized
just before PBS. Now this beam will be deflected by PBS at 90 degree. Two
separate beam expanders were used to expand the pump and probe lasers
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beams equal to 4mm in diameter. The polarization of pump and probe lasers
beams were made perfectly vertical and horizontal respectively just before
first common beam splitter (PBS) by using two half wave plates.

This experimental setup can be used for two different polarization
configurations of probe and pump lasers beams. One of them is linear and
parallel case while the other is same-circular polarization configuration. As
discussed above that pump beam is vertically polarized. Now by using half
wave plate, the probe beam was also made as vertically polarized which can
be checked by using polarimeter. Two separate quarter wave plates with
optics axis angle € = 45 with respect to y-axis are inserted in front of both
pump and probe laser beams just before the BS which prepared the right
circular polarized pump and probe lasers beams. Both beams are mixed at
BS and well overlapped in the vapor cell. At long distance these two beams
are separated. The pump beam is blocked while the probe beam is focused on
photodiode.

In case of linear and parallel polarization configurations of pump and
probe lasers beams, one need to remove only two quarter wave plate from
above setup of same-circular polarization configuration. In this case both the
beams are vertically polarized which interacts with atoms in the cell.
Similarly this setup can also be used in case of circular and orthogonal
polarization configuration as well as linear and perpendicular polarization
configuration of pump and probe laser beams by changing the optics axis
angle of half wave plate and quarter wave plate. But one can get more batter
and narrow EIA signal by making some modification in above experimental
setup without disturbing main setup. Replacing BS by PBS and inserting two
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quarter wave plates just before and after Rb vapor cell. Finally one PBS
should be inserted before the photodiode. In this way when vertically
polarized control and horizontally polarized probe beams are mixed at first
PBS then these two beams look like to be one beam because of very well
overlapping. First of all these two beams passed through first quarter wave
plate. When the polarization angle of quarter wave plate is set at € = -45
degree with respect to y-axis, then This arrangement prepared pump beam as
left circularly polarized and at the same time initially horizontally polarized
probe beam will be right circularly polarized. These two circular and
orthogonal pump and probe lasers beams interact with Rb atoms in the cell.
Now placing another quarter wave plate after cell at ¢ =- 45 degree with
respect to y-axis will make again control beam as vertical polarized and
probe bean as horizontal polarized. These two beams can be separated by
placing another PBS after Rb cell. This PBS reflects the vertically polarized
pump beam and allow horizontally polarized probe beam to transmit. The
transmitted probe beam is detected by photo diode.

Similarly in case of linear and perpendicular polarization configuration
we need to remove both quarter wave plates from the setup. In this situation
after 1% PBS the control beam is vertically polarized while the probe beam is
horizontally polarized. When these two well overlapped beams reached at 2™
PBS after passing through Rb vapor cell, the vertical pump beam reflected at
90 degree and horizontally polarized probe beam is transmitted. The
reflected beam is blocked while the transmitted beam is detected by
photodiode.

A ramping voltage of 125mV,, (peak to peak) which allow the pump beam
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to detune in the range of 5MHz. The intensities of both beams were
controlled by two separate neutral density filters (NDF). Maximum power of
control beam which is used in this experiment was 1mW while the power of

probe beam used here between 10 and 20 pW.

5.3 Experimental results

In this part of thesis we explain the theoretical calculated and experimentally
observed ultra-narrow EIA signals which are obtained by using experimental

setup shown in figure 5.1.

5.3.1 Circular polarization case

In case of same circular polarization combination of pump and probe
laser fields, the theoretically calculated and experimentally observed probe
absorption spectra are shown in Fig 5.2 (a) and (b) respectively. The
absorption spectra from the cycling transition line in DTLS of thermal **Rb
atoms were obtained between -2 MHz and 2 M Hz. To investigate the
spectral variations in probe absorption spectra, we changed the power of

pump laser beam while the power of probe beam was fixed at constant value
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Fig. 5.2 (a) Theoretical and (b) experimental EIA spectra in the case of same circular

polarizations of the probe and coupling beams with respect to the changes of pump powers.

Compare to natural linewidth of upper state which is 6.1M Hz the observe
linewidth is much narrow. Doppler broadening, laser line linewidth, laser
power, decay rate etc. are some factors which can affect the linewidth of EIA
signal. The experimentally measured linewidth of EIA signal at pump power
of 400 uW is approximately equal to 90 kHz while the theoretically
calculated linewidth is equal to 87 kHz which show the higher degree of
matches between observed and calculated linewidth. Much narrower
linewidth of EIA signal can be produced by using laser with linewidth
narrow than our case. This EIA spectrum is not split differently from
orthogonal circular and linear cases, which the EIA signals are split and
broadened when the coupling powers are increased moderately and because
of thermal averaging effects there is no splitting in spectra with strong power

of pump beam. In case of same polarization of pump and probe beams, there
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have been some theoretically predictions about such EIA spectra but no one
reported this type of observation in case of same polarization. Only one
experimental observation [38] was reported with same polarization
configuration but they could not able to produce such ultra-narrow EIA
signal and most probably it happened due to high power of pump laser and
combined linewidth of two independent lasers sources.

As shown in Fig. 5.2 when the powers of the pump beam increase, the
strengths of the EIA signal are decreasing. As explained in detail in chapter 4
the ultra-narrow EIA signal for a stationary atom exists at lower coupling
beam power and diminishes with the increased pump beam power. This
ultra-narrow signal remains for thermal atoms and also another factor can
cause to produce narrow EIA signal. In this case at zero detuning of pump
beam the resonance exist irrespective of atomic velocity. Since the slope of
the resonance at positive and negative value of the velocity is precisely
opposite, a narrow absorption signal can be observed. This effect can only
support to produce narrow signal when the power of pump beam is high.
That is why the intensity of whole EIA signals decreases as the power of

pump beam increases.
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Fig. 5.3 (a) Theoretical and (b) experimental EI1A spectra in the case of orthogonal

circular polarizations of the probe and coupling beams with respect to the changes

of pump powers.

The theoretical calculated and experimentally observed probe absorption
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spectra between -2 MHz and 2 MHz in case of circular and orthogonal
polarization configuration are shown in Fig 5.3 (a) and (b) respectively.
Based on theoretical prediction the splitting of EIA signal into two at even
sufficient low power of pump beam is due to thermal averaging effect. In
chapter 4 as we discussed in detail that in cold atomic case the splitting of
EIA signal could not be observed. In splitting of EIA signal the power of
pump laser play vital role due to TOC effects. Compare to linear and
perpendicular polarization case the splitting in circular and orthogonal case
of polarization occur at relatively low power of pump beam. The author of

reference [48] also described that TOC effect in case of linear and



perpendicular polarization combination of pump and probe laser can take
place in higher pump power than decay rat of upper excited state. The strong
pump power can generate Mollow-triplet [59] type splitting lines. But so far
there is no any report to observe these ultranarrow splitted resonances due to
TOC which provide the linewidth below 100 kHz instead of very wide
feature due to power of pump laser. In chapter 4 we have explained the
thermal averaging effects on splitting of line due to pump powers between
same and perpendicular circular polarization cases by using dressed state
formalism. We could not observe the splitting at the central region of
resonance line in case of same circular polarization of both beams because
absorption resonances due to positive and negative atomic velocities cancel
each other. On the other hand at central region in case of orthogonal
polarization of pump and probe beams, the ultranarrow split EIA signals
exist at ~+[1- (15/28)"%] Q. From these theoretical and experimental
investigation and discussion we understand that power dependences of the
spectral profiles in the orthogonal- and same- polarization configurations in
thermal state are pretty dissimilar from those in cold state. Because of wider
linewidth of laser being used in experiment the experimentally observed
spectra shown in Fig 5.3 (b) in lower power of pump beam are not splitted
well as in case of theoretical calculation shown in Fig. 5.3(a).
5.4 Linear polarization cases.

Now we explain our next experimental results which were performed in
case of linear polarized of pump and probe beams. The optical pumping
effect in linear polarization case is weaker as compare to circular polarization

case. As linearly polarized pump beam can cause to exist the atomic
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populations at magnetic sub-levels so the theoretical calculation in linear

polarization cases are more tedious and complex as compare to circular

polarization case. The comparison between calculated and experimentally

observed probe spectra in case of same-linear polarization combinations are

shown in Fig. 5.4 (a) and (b) respectively
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(b)

Fig. 5.4 (a) Theoretical and (b) experimental EIA spectra in the case of same linear

polarizations of the probe and coupling beams with respect to the changes of pump

laser powers.

The observed linewidth of ultra-narrow signals in case of linear polarization

is 150 kHz. In case of same polarization, it is interesting to have similar

spectra between linear and circular polarization configuration because these

two schemes primarily identical except for different transitions strength and

population accumulation in circular polarization case. The pump and probe

beams tuned to the same transition line and TOP play important role in
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generating EIA signals in both cases.

It can be seen from Fig 5.4 (b) that the magnitudes of observed signals
are decreasing with the increases of pump powers which show quite similar
behavior as in case of same-circular polarization and above 1 mW, the
experimental EIA signal disappear. May be in all previous experimental
works different researcher groups used high powers of pump and probe
lasers in case of same polarization configuration and concluded that in same
polarization case N or V-type connection cannot be formed so occurrence of
EIA in this case is not possible.

The comparison between theoretically calculated and experimentally
observed spectra in case of linear and orthogonal polarization combinations
are shown in Fig. 5.5 respectively. With an increase in pump power the
subnatural ultranarrow EIA signal become wider and then split into two near
2 mW theoretically as shown in Fig. 5.5 (a) but in case of circular and
orthogonal case this splitting start relatively very low power of pump beam.
Up to 1 mW we can observe well matched theoretical calculated and
experimental observed spectra shown in Fig. 5.5 (a) and (b). Due to some
experimental limitations we could not increase the power of pump beam
more than ImW and that is why we could not observe the splitting in

experimental spectra which is shown in theoretical calculated one.
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Fig. 5.5 (a) Theoretical and (b) experimental EI1A spectra in the case of orthogonal

linear polarization configuration with respect to the changes of pump powers.

Compare to circular and orthogonal polarization, the splitting power of

pump beam is very high in linear and perpendicular polarization case

because the separation of the dressed state for a magnetic sublevel is not

quite different from that for closest magnetic sublevel. The separations

between the resonances for a stationary atom in the orthogonal linear scheme
are 0.024 Q,, 0.077 Q,, 0.15 Oy, and 0.5 Q,, while the separation in the

orthogonal circular scheme is 0.27 Q,. Therefore, we need approximately 10

times larger Rabi frequency in linear scheme than in circular scheme in order

to see a similar spacing between the two absorption peaks.
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Chapter 6

Conclusions

Based on different polarizations combinations, powers and direction of
pump and probe laser fields we have shown the variations in probe
transmission spectra from hyperfine levels between ground 5S;,, and excited
5Py, D2 line of Rb atoms at room temperature using degenerate two-level
atomic system. Various polarization dependent profiles in absorption and
transmission signal with EIT-like and EIA signal have been observed. We
calculate EIA spectra by solving time-dependent full density matrix
equations for the transition Fy = 3 — F¢ = 4 of the ®Rb-D2 line. Compared
to the existing calculating methods more accurate EIA spectra can be
produced since our method does not employ any phenomenological
constants and is based on temporal solutions of the density matrix elements.
From this new theoretical method, EIA spectra with ultra-narrow linewidths
embedded in broad sub-natural EIA, in the case of the same and orthogonal
circular-polarization configurations of coupling and probe lasers have been
obtained theoretically.

Thermal averaging effects on spectral features such as additional ultra-
narrow and split spectral profiles of EIA embedded in broad sub-natural EIA
have been investigated with respect to powers of coupling beam. The EIA
signals have ultra-narrow EIA signals in low powers of coupling and probe
laser beams in both same- and orthogonal-polarization configurations
irrespective of thermal averaging of the EIA signals. However, the ultra-
narrow EIA signals from high powers of coupling laser beams in the same-
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polarization configuration have disappeared and still remained in the ultra-
narrow state in zero velocity and thermal averaging cases, respectively. The
ultra-narrow EIA signals in the orthogonal-polarization configuration from
high powers of coupling laser beam have disappeared and split into two in
zero velocity and thermal averaging cases, respectively. Origins of the
existence of ultra-narrow EIA spectra and splitting of the ultra-narrow EIA
spectra under high power and thermal averaging have been revealed. The
observed EIA spectral profiles of probe transmission for the case of same-
and orthogonal-polarization configurations of coupling and probe laser
beams match well with the calculated spectral profiles of probe transmission.
We also confirm coherent effects in EIAs by checking the differences
between probe-transmission profiles with and without coherence terms of
density matrix elements in the density matrix equations, which elucidates in
detail the EIA spectral-line profiles according to laser detuning.

We observe strange behaviors of observed EIA signals depending on
circular and linear polarizations and power variations of the coupling and
probe lasers. The EIA signals with sub-natural linewidth of ~ 90 kHz even in
the cases of same circular and linear polarization configuration have been
obtained for the first time to the best of our knowledge. Ultra-narrow
splittings of EIA spectra with the increase of the laser powers in the case of
orthogonal polarization were obtained. EIA signal was decreased in the case
of same polarization case with the increase of coupling powers due to TOP.
In weak coupling power limit of orthogonal polarization configurations,
thermal averaging effects plays major role in the splitting of the EIA spectra
while in strong coupling power, Mollow triplet-like mechanism due to strong
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power bring into broad split feature. The experimental ultra-narrow EIA
features using one laser combined with an AOM match well with simulated

spectra obtained by using generalized time-dependent optical Bloch

equations.
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ABSTRACT

Study on spectral features of electromagnetically induced

absorption in degenerate two-level system of ®Rb atoms

Hafeez-Ur- Rehman
Advisor: Prof. Jin-Tae Kim
Graduate School of Chosun University

Department of Photonic Engineering

We present experimental and theoretical studies on spectral profile
variations of weak probe beam transmission signal from hyperfine level
between the ground 5 S;/; and excited 5 Pz, D2 lines of ®Rb atom at room
temperature with degenerate magnetic sublevels in the case of polarization
configurations, powers, and directions of control and probe beams. The
probe laser frequency is fixed and locked at the Fg = 3 — F. = 4 degenerate
two level system of ®Rb atom while the control beam is scanned through F”
=2and 3 — F” =1, 2, 3, and 4. In degenerate two-level system
polarizations of probe and control laser fields play important roles to
transfer of population from excited states. Consequently variation in
absorption and transmission signal profiles including EIA and EIT-like
signal have been observed when the polarization state of control and probe
lasers fields were changed. In case of weak probe and strong coupling laser

field we observed double structure transmittance spectrum, a narrow due to

ix



coherence and broad due to optical pumping in cycling transition. The
experimental results are compared with the results calculated by solving
time-dependent density-matrix equations including the optical and Zeeman
coherences connected via multi-photon interactions process between
magnetic levels and match well with the calculated signal profiles.

We also present theoretical and experimental study of EIA for
different hyperfine transitions of ®Rb-D2 line. The calculated result in case
of cycling transition of ®Rb show that EIA signal have ultra-narrow feature
in low power of coupling beam in both stationary and thermal atoms. In
case of thermal atom the ultra-narrow EIA signal due to high coupling
power beam still remained in ultra-narrow state in the same polarization
configuration. Ultra-narrow EIA spectral features of thermal ®*Rb atom
with respect to coupling Rabi frequencies in a degenerate Zeeman multiplet
system have been unraveled in the cases of same (¢'-¢*, = Il =) and
orthogonal (c*-o", m L m) polarization configurations. The EIA signals with
subnatural linewidth of ~ 90 kHz even in the cases of same circular and
linear polarizations of coupling and probe laser have been obtained for the
first time theoretically and experimentally. In weak coupling power limit of
orthogonal polarization configurations, time-dependent transfer of
coherence plays major role in the splitting of the EIA spectra while in
strong coupling power, Mollow triplet-like mechanism due to strong power
bring into broad split feature. The experimental ultra-narrow EIA features
using one laser combined with an AOM match well with simulated spectra
obtained by using generalized time-dependent optical Bloch equations



Chapter 1

Introduction

Many applications such as slowing light, quantum information
processing, high-resolution  spectroscopic  measurements,  sensitive
magnetometery, atomic clocks, lasing without inversion, and light
information storage [1- 23] have been developed using changes of the
refractive index and nonlinear susceptibility of atoms. Electromagnetically
induced absorption (EIA) [1-7] and transparency (EIT) [8-10] have been nice
methods to investigate effects on the atoms due to quantum interference and
coherences between atomic quantum states, which leads to the abrupt
changes of the refractive index and nonlinear susceptibility, etc. The EIA
involves two laser fields such as strong coupling and weak probe beams
interacting with properly selected three quantum states [15, 20-21] and
enhances probe absorption due to quantum coherence effects through three
different quantum states connected with the coupling and probe lasers. EIT
also occurs in three-level atomic systems which interacts with two lasers
fields similarly as the EIA under proper required conditions. However,
destructive quantum coherences between the quantum states in the EIT
differently from the EIA cases make probe laser beams transparent to the
atoms. Simple three level atomic systems [4-6, 24-26] and degenerate
multilevel configuration system have been used to investigate such quantum
coherence effects. Compared to non-degenerate simple three levels,
degenerate two level configurations is much more complex than three level

systems in reality.



The spectral profiles of the EIA and EIT are also dependent on directions,
polarizations, intensities, beam sizes of the coupling and probe laser beams.
The spectral profiles of the EIA and EIT show peculiar behaviors depending
on directions, polarizations, intensities, beam sizes of the coupling and probe
laser beams. In this work the EIA phenomena in degenerate two level system
(DTLS) of rubidium atom have been investigated instead of simple three
level quantum systems. Previous EIA works done in the degenerate quantum
system and goals of this work have been introduced in this chapter. In this
chapter previous works due to velocity selective optical pumping (VSOP)
effects have also been introduced.

1.1 Previous EIAworks in DTLS

In pump-probe experimental setup two independent laser sources or one
laser combined with AOMSs can be used to observe pump-probe absorption
spectra of atomic samples. The advantage of one laser instead of two laser
beams overcomes limit of laser beam linewidth in observed spectral width so
that much narrower spectral linewidth can be obtained. Although there are
many subnatural experimental observations of EIA in DTLS, the observed
linewidths are still close to laser linewidths. Early previous EIA works of
DTLS have focused on subnatural lineshape using two different pump and
probe lasers because it brought out subnatural linewidth.

Prepared samples can be in thermal or cold state depending on how the

samples have been prepared. Recent progresses in atomic cooling and
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trapping have provided cold atomic samples. Also atomic beam experiments
can prepare cold samples. Thermal atomic samples with large velocity
distributions can also be used to do EIA experiments. Moving atoms in a cell
provide velocity dependent distributions interacting with laser beams so that
steady state solution cannot be applied to the system and interaction region
of the atoms with the laser beam should be considered. However, most of
previous works have not considered those effects. Thus thermal averaging
effects occurred in hot sample have been overlooked considering only atomic
samples with cold internal temperatures.

There have been number of experimental and theoretical reports [1-3, 27-
42] to observe sub-natural EIA signals in DTLS depending on powers and
polarizations of pump and probe laser beams. Lezama et al. [1] observed for
the first time EIA in DTLS and reported experimental observation of narrow
spectral features in the presence of two laser fields which interacts with
common ground state of Rb atom. Lezama et al. [2] explained also that EIA
occur due to transfer of coherence between interacting degenerate system in
which (i) Fy — Fe = Fy +1, where Fy and F. are the hyperfine quantum
number of ground and excited states respectively (ii) the ground state must
be degenerate (Fg> 0 ) and (iii) the system should be closed. Under this
situation the two photon resonance conditions will populate to those Zeeman
sub-levels which are coupled to that laser field.

However, Kim et al. [30] observed EIA signal in an open system using
an orthogonal linear polarization configuration of coupling and probe laser
beams with co-propagating beam directions differently from expected results
of Lezama et al. [2]. Chou et al. [31] interpreted that the anomalous EIA

_3



signal in [30] is due to splitting of the EIA signals in an open system with F
= Fg — 1 using a dressed atomic picture and qualitative perturbation methods
employing different power-dependence of the coupling laser. They have
provided comprehensive detail to explain probe absorption spectra in DTLS
on the basis of dressed-atom multiphoton spectroscopy (DAMS).

There are few experimental works using one laser to investigate EIA in
DTLS. Y. C. Chen [39] used similar experimental scheme using one laser to
observe the EIA single in cold #Rb atoms. But he [39] could not observe the
splitting of EIA at moderate high power of pump beam. Instead of two
independent lasers experiment the author of [30] performed also one laser
experiment using linear and orthogonal polarized pump and probe beams to
observe ultranarrow EIA signal in Cs atom. They investigated that how the
intensity of pump laser bean effect the line shape of observed ultra-narrow
EIA signals.

One of other interesting features in the coherence experiments,
conversion from EIA to EIT or EIT to EIA. K. Dahl et al. [41] presented the
pump laser absorption profile for four different polarization configurations in
DTLS of Cs atom. In case of circular and orthogonal polarization of pump
and probe beams, the absorption within transparency and transparency within
transparency were detected when the power of probe laser exceeded from
power of pump beam. Absorption with in transparency was observed in case
of linear and circular polarization combination of pump and probe laser
fields. Z. Y. Ting et al. [42] observed pump power dependent EIA spectra in
DTLS using linear and perpendicular polarized pump and probe laser fields.
Conversion of EIA to EIT is also studied. At low power of pump beam EIA
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dip signal show sub-natural line width but when the power of pump beam
increase to 650 mW then EIA-dip become broader and EIT appear at the
central area.

Theoretical works to understand EIA in real DTLS, especially multi-
oscillation effects of pump and probe beams make the system more complex
because of more sub-Zeeman levels are involved in the contribution of EIA.
A. D. W-Gordon et al. [43] theoretically investigated the ultra-narrow extra
resonant anti-hole and its origin in an open atomic two level system in which
relaxation rate of excited state is less than that of ground state. Origins of
EIA signal in DTLS in the same and orthogonal polarizations have not been
revealed. Obviously pure two-level system cannot provide EIA signal if
there is no external population or coherence input to the two levels. If we use
two pump and probe lasers, N type connections cannot be provided so that
EIA cannot be formed. The EIT and EIA have been explained by using V
and N type of connections between two levels. However, one can expect that
V or N type system cannot be formed in the case of the same polarization
configuration of pump and probe laser beams so that EIA cannot occur in
this case.

One of very intuitive way to understand EIA origin was investigated by
A. V. Taichenachev et al. [45]. They used this four-level system and
interpreted that decay from TOC could create EIA signal which was similar
to the case of perpendicular polarization combination. In the DTLS
differently from this simple 4-levels system, the polarizations of the pump
and probe laser beams play vital role in Zeeman coherences of the ground

and excited states, transfer of the coherence from the excited states,

-5-



contribution to optical coherences between the ground and excited states
because the polarizations connect magnetic sublevels of the ground state
with those of the excited states. C. Goren et al. [46] predicted and
explained that the ultranarrow EIA-TOP can be observed in DTLS even in
case of same polarization configuration of pump and probe laser beams. For
observing EIA-TOC, they used double two-level system which was later
compared with four-level N-type system. In each model Doppler broadening
increases the width of dip. In double two level system EIA peak become
narrower on Doppler broadening but in contrast N-type system, does not
devolved a dip at line center. In case of same polarization configuration of
pump and probe lasers fields, the time dependent TOP can also be observed
at sufficient low powers of pump beam in the absence of inelastic collision.
C. Goren et al. [47] presented EIA-TOP and EIA-TOC models and show that
at low power the both model give EIA peaks at the line center, whereas at
high intensity the double two level system has the same spectrum as a simple
two level system. T. Zigdon et al. [48] used circular- orthogonal and linear-
perpendicular polarized pump-probe spectroscopy in cycling transition of Fy
=2 — Fe= 3 of ®Rb to explained that the TOC played important role in
splitting of narrow signals in such case when pump power is greater than
decay rate of upper excited state and lower than probe power. To calculate
absorption spectra, the stationary case with phenomenal parameter was taken
into account which is quite different form that calculation which presented in
[23].

In Hanle configuration the ultranarrow EIA resonance in absorption and
transmission signal can be measured by scanning magnetic field, either
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orthogonal to the direction of propagation of radiation field or parallel to the
direction of propagation of optical field instead of pump or probe scanning.
However, these origins of the ultranarrow Hanle signals are different from
ours which are from TOC and time-dependent TOP, etc.

In our one laser experiment we produced ultranarrow EIA signal
differently from the case of Hanle configuration by scanning pump laser
beam. In our case no magnetic field has been applied to observe ultranarrow
EIA signals.

To observe the ultranarrow EIA signal experimentally we made major
changes in conventional two lasers pump-probe experimental setup and used
single laser coupled with an Acousto-optic modulator (AOM) to observe
TOP and TOC effects for such ultra-narrow EIA resonances where relative
linewidth is limited to AOM scanning resolution. In this way we observed
these ultranarrow signals successfully not only in orthogonal polarization
configuration case but also in same polarization combination of pump and
probe laser beams.

Polarization and power dependent ultra-narrow and split EIA signal
inside the broad probe transmission spectra are still to be investigated. We
performed several experiments using Rb vapor cell at room temperature. In
case of circular and orthogonal polarization configuration we observed that
these ultranarrow EIA signals are split into two even at low pump powers.
The pump laser power plays a major role in the splitting due to TOC effects.
This splitting occurs even at the relatively lower power of the pump laser
differently from the orthogonal case of linear polarization as performed by
[39]. In EIA experiments usually two independent laser beams have been
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used for pump and probe beams. Each of these two lasers can have linewidth
approximately equal to 1 MHz and together these two lasers produce
linewidth of 2 MHz. That is why in our two lasers experimental results
which are presented in chapter 4, we could notable to produced ultra-narrow
EIA signal because of the large combined linewidths of the two different
lasers. The observed EIA signal is slightly wider and shallower than we

expected in the case of orthogonal polarization.

1.2 Velocity selective optical pumping

In the pump-probe experiment, multilevel atomic system prepared with
strong pump laser beams can be probed by a weak probe beam. Pump beam
frequency is fixed and locked to specific atomic transition and probe beam is
scanned over wide frequency range. The probe transmission signal changes
when probe laser also comes into resonance with same or other hyperfine
transitions for atoms with zero velocity. Atomic coherences and optical
pumping effects on atomic samples with hyperfine components due to laser
interaction have been investigated. Hyperfine splittings in the alkali atoms
are less than the Doppler width so that optical pumping effects between the
hyperfine transitions due to Doppler profiles occurs including atomic
coherence effects depending on the conditions of polarizations, intensities,
etc. of pump and probe laser beams. When strong pump beam counter-
propagating or co-propagating with weak probe beam in a vapor cell, a set of
velocity selective resonance peaks can be observed at different velocities.
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Doppler-free  experiments with counter-propagating pump-probe
geometry can provide nice Doppler free spectra. However, in the co-
propagating case Doppler shifted resonance lines can be observed. Because
EIA and EIT signals depend on the directions, polarizations and powers of
pump and probe lasers. Thus broad Doppler and sharp coherence spectra can
be obtained [49-51] together. The sharp interference spectra come from EIT
or EIA depending on signal shapes while the broad spectrum resulting from
optical pumping by pump laser field called VSOP. The sharp interfered
spectra can be affected by the optical pumping. However, the effects are
limited because of small coherence effect in the case of large detuning of the
probe laser.

The VSOP can be used as a sensitive technique for precise measurements
using a relationship between atomic velocity and internal parameters of the
atoms in the ground or metastable state [50]. S. J. Park et al. [51] used co-
propagating pump and probe laser beams to demonstrate VSOP spectroscopy
on Rb atom and explained the position and magnitude of absorption spectra
with respect to frequencies of both beams. S. Chakrabarti et al. [52-53]
explained the experimentally observed EIT dip signal along with five extra
peaks in probe transmission spectra transition line of ®’Rb atoms. Also they
studied the effect of co-propagation and counter propagation of pump beam
on the absorption spectra of Rb atoms. In both case a set of extra resonance
dips are observed A. J. Krmpot et al. [54] explained the pump transmission
spectra by using rate equation. These results were obtained in wide scanning
range of probe laser while pump laser is locked to particular transition. In co-
propagating beams experiment they [54] observed several lines as a result of
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contribution from laser absorption on atoms in different velocity groups. S.
Mitra et al. [55] did both, theoretical and experimental investigation on EIT-
dip signal with respect to pump Rabi frequency along with existence of
VSOP peaks in probe transmission profiles by using V, A and V+A type
atomic system.

D. Bhattacharyya et al. [56] developed theoretical model to describe the
occurrence of seven transmission peaks due to VSOP in case of co-
propagating and six peaks in case of counter-propagating pump and probe
beam but experimentally they could not observed all peaks due to Doppler
broadened background. S. Chakrabarti et al. [57] demonstrated the VSOP
resonances in probe absorption spectra of both isotopes of rubidium D2
transitions in their experimental investigation. They used strong pump and
weak probe beam which co-propagates through Rb vapor cell and explained
the size of dips based on population depletion for different velocity groups.
A. Krasteva et al. [58] used linear and orthogonal polarized pump and probe
laser beam to investigate the pump-probe spectra of Cs atom in thin cell
without buffer gas. Their theoretical model is based on optical Bloch
equation. On the basis of this theoretical model they explain experimentally
observed sharp EIT peaks and enhanced VSOP resonances for probe
absorption and transmission spectra.

Most of the results from these VSOP experiments have been explained
using a simple rate equation model. Stationary cases have been considered
instead of generalized time-dependent OBEs. Arbitrary intensity and
polarization effects of probe absorption spectra including EIA and EIT due
to adjacent hyperfine levels and velocity groups of atom in cell have not
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been investigated well both theoretically and experimentally.

Here we present pump-probe transmission spectra in the case when co-
propagating pump beam scanned frequency in wide range and fixed
frequency of probe laser transmission is observed. The spectral broad
spectral profiles due to VSOP and sharp coherence effects have been
investigated in the cases of arbitrary polarizations and intensities of the probe
and pump lasers in ®Rb and ®'Rb vapor cell at room temperature. In this
research a theoretical method without phenomenal parameters is developed
by H. R. Noh [23] for obtaining pump-probe absorption spectra from
generalized solutions such as populations, optical coherences, transfer of the
coherences from the excited states to the ground state and Zeeman
coherences of the ground and excited states. The density matrix considering
arbitrary polarization, power combinations of the pump and probe laser beam,
time dependences of velocity groups of the atoms in a cell instead of steady
state, and high-order Zeeman and optical coherence terms due to multi-order
mixings of the pump and probe, by themselves, etc. have been applied to
DTLS between 5 Sypto 5 P3, multi-level transitions of both isotopes of the
Rb atom. The experimentally observed signal profiles are compared with
probe transmission signals calculated from the generalized time-dependent
density matrix equations and match well with the calculated signal profiles.
Peculiar behaviors of coherence signals depending on powers and

polarizations have been investigated in detail.
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1.3 Motivation

In pump-probe experiments when both beams, which derive from two
separate laser sources co-propagates through vapor cell with probe frequency
fixed and locked to specific transition line and the pump laser tuned across
the same transition line. Then in probe absorption spectra extra transmission
peaks can be observed due velocity selective optical pumping effects with
arbitrary polarizations and intensities of pump and probe lasers in closed and
open system.

To investigate spectral features of ultra-narrow EIA signals
experimentally we used two independent lasers systems for pump and probe
laser beams but ultra-narrow EIA signal was not observed in the experiment.
Because two different lasers with linewidth of 1 MHz produce together 2
MHz linewidth so the observed EIA signals are wider than calculated value
of EIA signal. So we made major advance to observe these ultra-narrow
signals using one laser combined with two AOMs.

The motivation behind our research work is also to understand the
thermal averaging effects on spectral features of EIA and to investigate
origin of formation of ultra-narrow and split EIA signal unknown
previously in case of same and orthogonal polarization configuration with

one laser discussed above.
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1.4 Summary of this work

This work describes the experimental and theoretical investigation of
rubidium vapor-cell EIA and EIT in a DTLS. Polarization and power
dependent experimental and theoretical EIT and EIA spectra of both isotopes
of rubidium are presented.

In chapter 2 we explain theoretically EIA and EIT spectra. Different

atomic system and conditions which are necessary for occurrence EIA are
also discussed.
The EIT mainly observed in three-level A-type system. DTLSs also provide
possible way to analyze coherent effects in light-matter interaction. These
systems are not only suitable for observation of coherent effects predicted
and observed in three-level configurations, but also use for another opposite
effect such as EIA. As each level of degenerate consists of multiple magnetic
sublevel so EIA and EIT can also be observed in two level Fy —F; transition.
in degenerate two leve system EIA mainly occure due TOP and TOC. The
occurrence of EIA due to TOC needs a particular type of system which
consists of at least four degenerate states. Two of these states should be
ground state and two excited state.

Theoretical calculation for spectral features of EIA in case of two
independent laser sources with respect to power of pump beam is presented.
Calculation for ultra-narrow and split EIA signal in case of same and
orthogonal polarization configuration of pump and probe beam using single
laser are also explained in this chapter.
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In chapter 3 we describe theoretical and experimental detail of probe
absorption spectra due to VSOP depending on polarization, power and
direction of pump-probe lasers beam. We explain that due to VSOP effect the
occurrence of transmittance peaks in spectra. We demonstrate EIA
experiment for both closed and open system of *Rb and ®’Rb atom in D1
and D2 transition line. We describe different polarization configuration of
pump and probe beam EIA spectra. Pump laser power dependent EIA spectra
are also presented. We present our experimentally observed EIA spectra in
DTLS of Rb atoms. The experiments were performed in both closed and
open atomic system in D1 and D2 transition lines. As polarization
combination of pump and probe laser beams play vital role in degerate
magnetics sub levles for redistibution of atomic population abmong these
levels and variation in polarization of pump and probe beams bring a
noticeable change in spectral profile and intensity of EIA dip signal. So we
explaine complet ploarzation dependent EIA spectra of ®Rb in this chapter.

In chapter 4 we describe theoretical and experimental pump-probe EIA
spectra in general case of arbitrary polarization and powers of pump and
probe beams of ®*Rb atom. Spectral features of EIA in case of different
polarization configurations also discussed. Thermal averaging effects on
spectral features such as extra ultra-narrow and split spectral profiles of EIA
implanted in broad sub-natural EIA have also been studied with respect to
powers of pump beam.

In chapter 5 we describe in detail introduction about the features and
ultra-narrow-EIA signal in case of all possible polarization configurations of
pump and probe laser fields. By using single laser for both pump and probe
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laser experiment the observe results in DTLS of ®*Rb atom are also shown.
Theoretical and experimental details are also presented.

Two different experimental schemes using one laser combined with an
AOM have been used to investigate theoretical predictions for TOESC and
TOP in cycling transitions of TSZMD of thermal ®*Rb atoms. The general
transient treatments are used to solve optical Bloch equations (OBESs) with
full considerations of magnetic sublevels without phenomenal parameters in
the arbitrary polarizations and arbitrary powers.

In chapter 6 we present the conclusin of the entire research work done in
this thesis.

- 15 -



Chapter 2
Theoretical calculation of electromagnetically
induced absorption (EIA)

2.1 Introduction

A simple two-level model for the atom can explain many light-atom
interaction phenomena, while the three-level systems are compulsory to get
coherent processes involving two optical transitions. In three-level system a
medium which is initially absorbing for a weak probe tuned to one of the
transitions becomes transparent when the other transition is irradiate with an
intense coupling field.This transparency is a phenomenon of reducing the
absorption of weak probe beam passing through a medium in the presence of
second relative strong coupling beam. The occurrence of EIT in three-level
atomic systems is common in which two lasers fields interacts with properly
selected transition lines of atom and the quantum interference causes the
ground state population to disappear the medium become transparent to
probe laser field.

Two separate lasers fields named pump (strong) and probe (weak) couples
to each arm with common excited level of A-type system. So absorption of
probe laser field in the medium is reduces and very narrow spectral profile
can be observed [19]. CPT and EIT are the examples of such dark states.

CPT is well known both in three levels A-type system and DTLSs [15].
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Fig. 2.1 Three levels A-type system with dipole allowed transition |a> — |c>and
|b> — |c>.

The basic arrangement of A-types three levels atomic system is shown in
Fig. 2.1 and we label the level as |a>, |b> and |c>. The system consists of two
grounds (ja>, |b>) and one common excited states (|c>). w31 and ws.are the
transition frequencies of control and probe laser fields respectively. EIT
requires two dipole allowed transitions (ja> — |c> and |b> — |c>) and one
forbidden transition (ja>—[b>). In A-types three levels atomic system the
state |b> being a metastable state has particular importance to produce long
lived coherence between state |[a> and state |b> which is very important
condition for observing EIT in this system. According to quantum mechanics,
when there are multiples excitation pathway exists, interference between
their probability amplitude will occur. From Fig. 2.1 one possible way to get

EIT is the interference between transition path way. Initially the atoms are
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accumulated in the lowest ground state (Ja>). When we turn on laser field of
frequency of wsithen atoms in ground state can absorb energy and makes
transition to state |c>. Meanwhile, when an electromagnetic field resonant
with |b> — |c> transition is also turned on, now there are two transitions path
ways through which atom can make transition from ground state to excited
state. Either an atom can make transition in the way from |a> — |c> or it can
follow the path to reach the excited state through |a> — |c> — [b> — |c>.
Under certain conditions these two transitions path can show zero probe
absorption at resonance peak due destructive interfere. EIT resonance can be
several orders of magnitude narrower than the natural linewidth of the
atomic transition. The interesting effect of EIT is includes large dispersion
effect at the atomic resonance especially a very steep linear dispersion

relation could be found at the point of minimal absorption.

2.2 EIA In degenerate two level atomic system of Rb atom

Electromagnetically induced absorption (EIA) [7] is an enhanced
absorption of weak probe beam in the presence of strong pump beam. EIA
is an absorption due to atomic coherences between the states via coherent
laser photons [37]. For this enhanced absorption, there should be additional
enhancement supports for a state which is probed absorption externally
through transfer of population or transfer of coherence, etc. To observe EIA
in different atomic system we should have a particular atomic system. For

example in DTLS EIA can occur under two different procedures to prepare
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induced absorption. One is known as EIA due to transfer of coherence (TOC)
while the other is called as transfer of population (TOP). The enhanced
absorption based on TOP can occur when both pump and probe laser beams
have same polarization configuration. Similarly to observe EIA due to TOC
the polarization of both beams must be orthogonal. Generally the occurrence
of EIA due to TOC requires a special type of system which consists of at
least four degenerate states. Two of these states should be ground state and
two excited state. This system is usually known as N-type system which is
shown in Fig. 2.2. It is important to note that there should be sufficient
amount of population in degenerate excited state which leads to establish
coherence and spontaneous emission from excited state to ground state leads
the transfer of coherence. As it can be seen from Fig. 2.2 that N-type system
is closed system and if pump beam derive to this closed transition then
reasonable amount of population can be obtained. In Fig. 2.2 the |b> — |d>
transition is closed path which is just similar as Fg = 3 — Fe= 4 in case of
®Rb atom and Fy = 2 — F.= 3 in case of *’'Rb
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a> b>

Fig. 2.2 The N-type atomic system in DTLS. Two heavy arrow show the

Pump transition and dotted line arrow show probe transition.

Compared to non-degenerate three-level systems, degenerate two-level
configurations are much more complicated and it more complex to describe
pump-probe system due to many sublevels. Thus, the fundamental origins of
EIA in DTLSs have not been investigated well, in contrast to those in three
level atomic systems. Both, EIT and EIA occur due to optical pumping and
coherence [15]. We present theoretical model for solving the generalized
time dependent density matrix equation to explain complete polarization
dependence of experimentally observed EIA signals for two rubidium
isotopes at room temperature in vapor cell. A simple N-type model which is
commonly used to clarify the theoretical explanation of EIA signal under
certain polarization configuration of pump and probe laser beam is shown in
Fig. 2.3.
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Fig. 2.3 The N-type atomic system in DTLS.

Suppose wy is the resonance frequency between ground and excited sub-
level and 6 show the detuning from resonance line. . is the frequency of
coupling beam which derive [a> —|c> and |b> —|d> transitions while o, is
the frequency of weak probe beam which derive the |b> —|c> transition. In
case of circular and orthogonal polarization configuration of pump and
probe laser the population will be pumped into right most or left most
ground state Zeeman sublevel. Compare to circular and orthogonal
polarization, linear and perpendicular polarization case is more complex and

complicated and make many sets of N-type system

2.3 Theoretical calculation of pump probe spectra

In case of two independent lasers sources for pump and probe beams, we

performed two sets of experiments to observe the spectral features of EIA
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signal profile. These experiments were designed to check the effect of
different polarization configuration of both beams on spectral features of EIA
because the role of polarizations combination in degenerate atomic systems
becomes decisive. The polarization combinations can be classified into
orthogonal and circular case and same-circular case of both beams. Here we
explain the theoretical calculation to describe the line shape of observed EIA
signal profile. To explain the procedure used for calculating the pump-probe
spectra in straightforward way, we take the general case of an arbitrarily
polarized pump beam. Let us consider pump and probe beams having optical
frequencies ®; and o, respectively co-propagates through vapor cell.
Similarly we suppose that €2; and Q, are the Rabi frequencies of pump and
probe laser beams respectively. As mentioned earlier that we take the case of
cycling transition Fg= 3 — Fe = 4 of the %Rb D2 line. The energy level
diagram of this cycling transition line is shown in Fig. 2.4. We have
neglected the effect of other transition in calculation because of large

hyperfine energy difference.
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Fig. 2.4 Energy level diagram for the Fy = 3 — F, = 4 transition of ®Rb-D2 line.

In Fig 2.4 the solid line represents the probe beam while the dotted line

denotes the pump laser beam. The magnetic sub levels in excited sate are

labeled as |me = - 4> = |1>,|m = - 3> = |2>,...| me = 4> = |9> and magnetic

level in ground state ( Fg = 3) are label as [mg = - 3> =|10>,|myg =- 2> =

11>,.... |[mg = 3> = |16>.

The atoms of the gas are randomly moving in all directions inside the

vapor cell. One portion of these atoms is moving in opposite direction of co-

propagating pump and probe beams with velocity v. the laser frequencies of

these pump and probe beams as observed by an atom are written as. ®1 = @ -

kv and o, = o¢ - kv respectivily, where k (=2 @/ ) is the wave vector and A is

the wavelength of the coupling or probe beam we define the detuning &, ( =

2 - W= dec- kvyand &, ( = o1 - @2 = d, - dc) where wgis the resonance

frequency and dyc) = wp) - wo is the detuning of the probe (coupling) beam.
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When the absorption coefficient is calculated by solving the density matrix
equation, all the quantities are expressed in terms of &, and ,. The behavior
of the internal dynamics of the ®Rb atom is described by a density matrix

equation in the rotating frame with frequency w,.

p- = %[HO + v, p] + psp (2.1)

where p is the density operator and Ho is the bare atomic Hamiltonian as

given by
Hy = 2?:1}152(1'”) (2.2)

psp denotes the spontaneous emission term. We consider that there is no
collisional dephasing in atomic coherence due to pure Rb vapor inside the
cell. There will be collisions between atom and wall of the container which
can affect the coherence and can induce the dephasing in atomic coherence.
But this effect is negligible small so can be neglected in theoretical
calculations. Therefore, the decay rate of the optical coherence in pg, is set
to I'/2 where T" is the decay rate of the excited state.

The interaction Hamiltonian in equation (1), V, is given by

6
h - . . . .
V= EZ{cfgij Q1e78PY3 +j)(10 +j| + Cj51,a-Q2 |1 + )10 +j|
j=0

+Ci51a:Q2 3 +j) + h.c (23)
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where h.c denotes the Hermitian conjugate and C; is the normalized
transition strength between the states [v> and > In equation (3), a; are the

coefficient of the o= components of the coupling beam, as given by
a: = = 1/2(1+ sin2e) £ i/2 cos2e

where c is the angle between the incident electric field of probe beam and
optic axis of quarter wave plat. We take two different arrangements for
polarization configuration of pump and probe laser fields, the same (o+ — o+)
polarization case and orthogonal (¢— — o+) polarization case. In both cases, ¢
= /4 and € = —x/4, respectively. To obtained a series of linear differential
equation for the density matrix elements, we substitute equations (2.2) and
(2.3) in equation (2.1). It can be seen that there is exists obvious time
dependence on right side of equation (2.1) so it necessary to expand the
density matrix element into terms oscillating at different frequencies [59, 60].
To calculate non vanishing terms of density matrix element, we consider the
interaction of two photons for population and Zeeman coherence. Similarly
for optical coherence three photons were taken into account. In Fig. 2.4, we
see that the oscillation frequencies for the o+ transition are {0, dy}, whereas
that for o— transitions is 0. The oscillation frequencies for the populations
can be determined by {0, —d,} + {0, Jp}, and are finally given by 0, —dp, and
op. Therefore, the populations are expressed clearly as follows:

W (@ @) i @ _ . |
pi=pf” + (i +ip”) e+ (o) —ipfY) o't (2.4)
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where, j = 1, 2, -+, 16. In equation (2.4), p;; ‘" are real for | = 1, 2, 3.The
oscillation frequencies for Zeeman coherences are given by {0, dp} for p1+j3+j
(j=0,1, - 6)and pig+j12+j § =0, 1, ---, 4). The oscillation frequencies for
the optical coherences are given by {0, =6y, —20p, dp} fOr p3+j10+j(j =0, 1, -+,
6), {0, —0p, dp} for pa+ja0+j (j =0, 1, -+, 6),{0, —0p, =205} fOr pssj10+ (j =0, 1,
-+, 4), and {0, dp} for p14j12+ (j =0, 1, ---, 4). The oscillation frequencies of
puw are the negative of the oscillation frequencies of p,, for x4 > v. We
neglected Zeeman coherences and optical coherences that are connected via
interactions greater than three photons. The coherences can be written

explicitly. As an example, the optical coherences with Am = 1 are given by

_ @ 2 —idpt 2 —2idpt (4) —idpt
p3+j,10+j - p3+j,10+j + p3+j,10+je TP € €

34j,10+j + P34j104j
(2.5)
where j =0, 1, --+, 6. Putting the coherences and populations described in the
form of equations (2.4) and (2.5) in equation (2.1), we obtain a set of coupled
differential equations for the components of the density matrix elements.
These equations are then solved numerically as functions of time, d,, and J.

The absorption coefficient is given by

Nat322 T

e 8 o Im[C3 pP) ] (2.6)

10+j P3+j,10+j

30(62, 61;), t) ==

where T is the decay rate of the excited state and Ny is the atomic number
density in the vapor cell. The absorption coefficient is then averaged over the
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transverse and longitudinal velocity distributions, and the final results are
given by

— (2

o &4
a=1/ty [dt [7 dv =— ag(de — j = kv, dp — dg ) 2.7)

where u (=(2keT/M)* ?) is the most probable speed (T: temperature of the cell,
M: mass of an atom) and t, (=(+/n/ 2)d/u) is the average transit time
traversing a laser beam with a diameter d [61]. The restricted interaction time
of the atoms with the laser beam is usually measured by assuming a decay
rate of the ground state coherence and solving the steady-state solutions of
the density-matrix equations [29, 47]. However, this method is not quite
accurate because the included decay rate is a phenomenological constant.
Instead of using such a phenomenological constant, we solve time dependent
density-matrix equations and averaged the absorption coefficients over the
distribution of finite transit times of the atoms crossing the laser beam. Since
our method does not need any phenomenological constants differently from
other previous calculation methods, the method of calculation is able to
predict accurate line shapes of the EIA spectra. It is essential to examine
time-dependent solutions of the density-matrix equations instead of
stationary solutions to determine accurate EIA line shapes like previously
investigated CPT system [62]. Although our system is not CPT system, our
time-dependent solutions of the OBEs also give accurate line profiles

because of time-dependent consideration in our calculation.
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2.4 Theoretical backgrounds of ultra-narrow EIA signal

Fig. 2.5 shows the energy level diagram of ®Rb D2 for cycling transition
line. Here in this case we consider the linearly polarized pump and probe
beams in perpendicular direction. The procedure adopted for calculating EIA
spectra in case of same-linear polarization configuration of both beams is

quite similar to that which is used for same-circular polarization condition of

both beams.
m -4 -3 -2 - 0 1 2 3 4
A A AR A A A A
B o 0 3 0 6[,0 Bdo 6[,0 0 0
TR E TR E R A E A
F 3
M3 2 -1 0 1 2 3

Fig. 2.5 The energy level diagram for the F, =3—F, =4 transition of ®*Rb-D2

line.

In Fig. 2.5 “0” is the frequency of pump beam and “d4” is the frequency of
probe beam with respect to pump beam frequency ;.

The Hamiltonian is given by
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4
= h&,|F, =4,m)(F, =4,m|

m=—4

Cimeay |F, =4, F =3
"2 qz;l Z [F=4m-+a)(F, =3m (2.8)

+EZC4"‘Q |F. =4,m)(F, =3m|+h.c,

In Eq. (2.1), psp represents the spontaneous emission term, which is given

by

FiiF =4,m)(F, =4,m'|

m=-4m'=—4

g 24: 23: (| e e><Fg :3’m9|+|Fg :3'mg><Fe:4’me|) (2.9)

where T is the decay rate of the excited state.

We consider the decay process from upper excited degenerate level,
where TOP between the magnetic sublevels of the ground and excited states
generates ultra-narrow absorption. The density matrix elements have large
number of Fourier oscillation component in case of circular polarization, so
the interaction of two photons will be consider for population and Zeeman
coherences while three photons for optical coherence.

Here we describe density matrix elements for simplicity as
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(F.m'p|Fm)=p, ,  (F.m|p|F.m)=p, . and Then, the expanded matrix

elements of optical coherences are clearly written as  p, | =p®, +p®, e®

€m Im

it ®

Pepis 0 :pe(ilvgmeiiéd["'pe(mzlvgme Perrgn = Penegn T pe(mz,‘)pgmeimat and Perian :pe(ﬂaxgmeii&d[ for
all the relevant values of m. Those of Zeeman coherences are given by
Posirs =Py &+ DL & P =P Pan = Phe o, 2" and
P, .., =rs,  for all the relevant values of m. Finally each population has
one constant term. We can have a series of linear differential equations by
substituting the expanded density matrix elements in equation (2.1). After
solving these equations, the matrix elements essential for the probe
absorption can be derived. Finally, the absorption coefficient is averaged
over the longitudinal velocity distribution and finite transit time distribution

as follows [23]

312 Na tw dt 4m+q (1)
“= ok Lo 'm{ S aci el , (2.10)

q=+1m=-3

where Ny is density of atoms in the cell, t,, is the average time crossing a

laser beam, and u is the most possible speed in the cell.
2.5 Saturated absorption spectroscopy

Saturated absorption spectroscopy (SAS) is frequently used for locking

the laser to a specific hyperfine transition. With simple saturated
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spectroscopy we can observe the decrease in probe absorption caused by
strong pump beam which depletes the population.
Schematic of experimental setup which we used in our experiment is

shown in Fig. 2.6

M M
IEé_ ' —'___ i , E}
N W
\:\ ECDL

Fig. 2.6 Schematic of experimental setup of saturation absorption

spectroscopy

Laser beam from external cavity diode laser (ECDL) is divided into two
beams by using window. The transmitted beam, which is stronger and can be
used as a pump and the reflected beam from window, is weaker and used as
probe. These two counter propagating beam passes through gas cell which
contains both rubidium isotopes in natural abundance overlap at the center
cell. In off resonance condition when these two beams interact with atoms,
one of them will excite the velocity group of v, and the other will excite the
velocity group - v;. When we tuned the laser to on resonance, both pump and
probe beams will excite the same zero velocity group v,= 0. As mentioned
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the strong pump beam will excite most of the population to the excited state
so the intensity of probe will pass through the cell without absorbing by atom.
When we detect this probe beam by photodetector, we observe an increase in
transmission of probe intensity. This decrease in absorption of probe beam
caused by pump beam will result a dip in absorption profile and called as
Lamb dip. When laser frequency is exactly similar to atomic transition
frequency than one can observe saturated absorption spectroscopy signal. By
looking at the spectra of SAS signals of Rb atoms one can observe six probe
transmission peaks. Three of them are called principal hyperfine while the
others three are known as crossover resonances. The occurrence of these
crossover resonances can be explained as follow. As atoms inside the cell are
always in random motion and we consider a group of atoms are moving with
velocity v, in opposite direction to the prorogation of pump laser of
frequency viaser- SO due to Doppler’s effect the red-shifted resonant frequency

for pump beam can be written as

Vpump = Viaser (1- v/c) (2.12)

As mentioned above that pump and probe laser beams inside the cell are

propagating in opposite direction. So at the same time for probe laser beam

the blue shifted frequency can be of the form

Vprobe = Viaser (14 V2/C) (2.13)
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by adding Eq. (2.12) and (2.13) we can have equation of the form

Viaser = (Vpump+ Vprobe )/2 (2-14)

Eq. (2.14) shows that the crossover resonance occurs at the middle of two
transitions peaks.
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Chapter 3
Optical pumping spectroscopy of Rb atoms

3.1 Introduction

Compared to non-degenerate three-level systems, degenerate two-level
configurations [1-2, 15] are much more complicated and it is more complex
to describe pump-probe system due to many sublevel and high order optical
and Zeeman coherences. In case of D2 transition line of ®*Rb and ®’Rb atoms
there are four closely-spaced excited state levels. The off resonance strong
pump beam can cause non resonant excitation from ground level to all
possible excited state levels and consequently the probe transmission shows
the additional VSOP peaks [19]. In optical pumping mechanism, the Zeeman
sub-levels plays vital role in response of light-matter interactions and as a
result of this interaction not only there is population redistributions between
magnetic sub-levels but also it creates coherence among the ground state
Zeeman sublevels.

In pump-probe experiments when atoms are resonant with these two
fields, the strong coupling laser beam creates dress states due to AC Stark
shift and strong probe laser causes pump absorption dependent on the probe
laser so that solution of the two-level system can be derived differently from
the case of the weak probe beam. However the coupling laser can cause the
populations to redistributes among the states by optical pumping. The

population of one state can be optically pumped to another state which
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affects the absorptions and transmissions spectrum profile of probe laser
beam.

In the DTLS, the polarizations of the pump and probe laser beams play
very important role in Zeeman coherences of the ground and excited states,
transfer of the coherence from the excited states, contribution to optical
coherences between the ground and excited states because the polarizations
connect magnetic sublevels of the ground state with those of the excited
states. In case of cycling transitions of both isotopes of rubidium atom, the
probe transmittance peaks which results from atomic coherence is dominant
because of transition selection rule the population of any ground state of
cycling transition cannot optically pumped into any other or non- resonant
states.

In this chapter we have applied for this solutions to understand the
spectra of the EIT-like and EIA including the pump and probe absorption
spectra due to adjacent hyperfine levels and velocity groups of the atoms.
The observed signal profiles are compared with probe transmission signals
calculated from the generalized time-dependent density matrix equations and
match well with the calculated signal profiles. Thermal averaging of
velocities of atoms in the cell is taken into account and complete analysis of
arbitrary polarization change of the probe beam. Then, we have obtained the
transition coefficient by averaging the calculated density matrix elements

over a Maxwell-Boltzmann velocity distribution.
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3.2 Experimental setup for same-circular and linear-
linear polarization configuration

M \M

{ - N D
M N Ol  NDF

W SAS Coupling : M
Laser > ~ O F

My _I Probe
Laser

BS

APP

Oscilloscope

BE

PD

NDF A2 ‘BS‘
Magnetic field

Shielded Rb cell

Fig. 3.1 Schematic diagram with two home-made External cavity diode lasers for
same-circular and linear and parallel polarizations of both pump and probe beams.
Figure keys: M-mirror, Ol-optical isolator, W-window, APP-aperture, BE-beam
expander, A/2- half wave plate, A/4-quarter wave plate, NDF- neutral density filter,

PBS-polarizing beam splitter, PD-photodiode.

The Experimental setup is described schematically in above Fig. 3.1.
Two separate 780 nm homemade external cavity Diode lasers (ECDL) are
used for both pump and probe beams. The frequency of probe beam is fixed
and locked on Fy= 3—F, = 4 of ®Rb D2 transition line by using home-made

lock-in amplifier. As shown in Fig, the vertically polarized coupling laser
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beam after passing through optical isolator is sent into one of the beam
expander to expand this beam up to 6 mm in diameter. An aperture is
inserted in the path of coupling laser beam which control the size of beam
used for experiment. Before mixing with weak probe laser beam at beam
splitter (BS) which is placed just before the magnetic field shielded rubidium
vapor cell, this coupling beam has to pass through half wave plate (HWP)
and quarter wave plate (QWP). A neutral density filter (NDF) and these two
plates contribute to control the variations in power and polarizations of
coupling laser beam respectively. At BS the transmitted coupling beam is
useless and is blocked while the reflected beam is used in cell experiment.
Similarly another vertically polarized beam from probe laser is first divided
into two parts by using another BS. The reflected beam from this BS is
further divided by window to use for saturation absorption spectroscopy
(SAS) setup to lock the laser frequency on desire hyperfine transition line.
After window 90% of the total power of laser beam is transmitted while the
remaining 10% will be reflected. These transmitted and reflected beams are
used as pump and probe for SAS setup to observe the spectra. On the other
hand the transmitted beam from second BS is sent to another beam expander
to expand it up to required diameter. This expanded probe laser beam mixed
with coupling beam at BS after passing through HWP and QWP. As
mentioned that both lasers beams are vertical polarized but after passing
through many optics the polarization state of these beams may be changed up
to some extent so that the polarizations of the pump and probe lasers beams
are made vertical polarizations just before a BS by using two HWPs once
more. This experimental setup can be used for two different polarization
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configurations of probe and coupling lasers beams. One of them is linear and
parallel case while the other is same-circular polarization configuration For
same-circular polarization configurations, two separate QWPs with optics
axis angle € = 45 with respect to y-axis for the pump and probe lasers are
used to have same right circular polarizations just before the BS where two
beam are combined. Both slightly deviated beams are overlapped well near
the center of a magnetic shielded rubidium vapor cell for the pump and
probe experiments. At long distance from the cell these two beams are
separated and the pump beam is blocked while the probe beam is focused on
a photodiode to measure the transmission of the probe beam through the cell.
In case of linear and parallel polarization configurations of pump and probe
lasers beams, two QWPs before BS for the coupling and probe experiment
from the setup with same-circular polarization configuration are removed. In

this way both the coupling and probe beams are vertically polarized.
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3.3 Experimental setup for orthogonal-circular and
linear-perpendicular polarizations configuration

M
M/ e N\
‘\ | —D
PD
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1/ 1
- i N g ! 1
L | : ) [ : |
NDF PBS i i PBS
—— Magnetic field

Shielded Rb cell

Fig.3.2 Schematic diagram with two home-made External cavity diode lasers for
circular- orthogonal and linear - perpendicular polarizations of both pump and
probe beams. Figure keys: M-mirror, Ol-optical isolator, W-window, APP-aperture,
BE-beam expander, A/2- half wave plate, A/4-quarter wave plate, NDF- neutral
density filter, PBS-polarizing beam splitter, PD-photodiode.

By making some modifications in Fig. 3.1 and converting it into Fig. 3.2,
we can use this setup for circular and orthogonal polarization configuration
of coupling and probe lasers experiment in vapor cell. Further some changes
in this setup will able us to use this experimental setup for liner and
perpendicular polarization experiment of coupling and probe lasers beams.
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For the experimental case of circular and orthogonal polarizations of the
coupling and probe beams, one need to replace BS by PBS and inserting two
quarter wave plates just before and after Rb vapor cell in Fig. 3.1 Finally one
PBS should be inserted before the photodiode. As mentioned both beams are
vertically polarized. The polarization state of probe beam is changed to
horizontal polarization by changing the optic axis HWP. Now this beam
transmits from PBS which is inserted before Rb cell. The vertically polarized
coupling beam and horizontally polarized probe beam are mixed at PBS and
very well overlapped in the throughout the rubidium vapor cell. When the
polarization angle of QWP inserted before cell is set at € = -45 degree with
respect to y-axis, then This arrangement prepared pump beam as left
circularly polarized and at the same time initially horizontally polarized
probe beam will be right circularly polarized. These two circular and
orthogonal polarized beams interact with randomly moving atoms in the cell
and emerged out to second QWP which is set at € = - 45 degree with respect
to y-axis after the cell makes again the coupling beam as vertical polarized
and probe beam horizontal polarized, respectively. When these two well
overlapped beams reached at 2" PBS placed after vapor cell, the vertical
pump beam reflected at 90 degree and horizontally polarized probe beam is
transmitted. The reflected beam is blocked while the transmitted beam is
detected by photodiode and monitored by oscilloscope.

In case of linear and perpendicular polarization configuration we need to
remove both QWPs from the setup which are inserted before and after
rubidium vapor cell. In this situation after 1% PBS the coupling beam is

vertically polarized while the probe beam is horizontally polarized. When
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these two well overlapped beams reached at 2" PBS after passing through
Rb vapor cell, the vertical coupling beam reflected and horizontally
polarized probe beam is transmitted. The reflected beam is blocked while the
transmitted beam is detected by photodiode. The intensities of both beams

were controlled by two separate neutral density filters (NDF).

3.4 Circular and orthogonal polarization dependences of the
velocity dependent probe transmission signal

We have investigated theoretically and experimentally probe
transmission profiles due to thermal velocities of atoms and scanning
strong coupling laser frequency from Fq= 3 to Fe= 2, 3, 4 with weak probe
laser resonant on Fg =3 — F, = 4 of 8Rb atoms with respect to polarization.
We have calculated the transmission and absorption spectra of ®°Rb
between hyperfine-level Fy = 3 — F. = 4 with degenerate magnetic
sublevels when polarization coupling beam is changed from right circular
polarized to left circularly polarized with fixed probe beam polarization. In
DTLS polarization of probe and control lasers fields plays significant role
to transfer of population from excited states and consequently variation in
absorption and transmission signal profile is observed when the polarization
state of control and probe lasers fields were changed. The experimental
results matched well with those results which were calculated from density
matrix equation. As probe and control lasers co-propagates through cell,
detuning for control and probe lasers which atom feel are & control = 0c - kv
and JSprone = Op - KV, respectively where &¢ and 9§, are control and probe laser

detuning from Fy = 3 — F. = 4 resonance line respectively. Fig. 3.3(a) and
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Transmittance

(b) shows spectral change between frequency region including Fe = 2, 3,
and 4 hyperfine components with reference to fixed laser frequency of Fy =
3 — Fe= 4 and for theoretical calculation and experimental observation,
respectively. Here polarizations of control beam are changed from right
circular polarization to left circular polarization while the polarization of
probe laser is right circularly polarized

probe laser @ e Probe laser
14+ L . control: ¢ larization: o
polarization : ¢ 0.2 Polarization: () Contro laser
2 ..
1.3 1 2 03 s 6 . 1 polarization:
4 =45 6 7 =45 o

1.2
_J\_/k/\/_ N e=30 S 0.11 &=30
iy =15 g e=15
' ¢= 0 controllinear & 0.0+ /\ .
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o e=-15
0.8 a -0.14
&= -30 e=-30
0.7 1 455
J\‘/ULM =45 G
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Contol Detuning (MHz) Control Detuning (MHz)

Fig. 3.3 Transmission spectra of F; =3 — F¢ = 4 of ®Rb (a) theoretically calculated
from density matrix equation (b) experimentally observed spectra. Probe laser is
right circularly polarized and the polarization of control laser is change from right
circular polarization to left circular polarization. Shape and size of signal is changed
due to redistribution of atomic population for different polarization state of control

laser field.
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Fig. 3.4 Energy level diagram of ®Rb showing the hyperfine structure of the 5S,,

and 5P, levels.

Here we describe some detail about occurrence of seven peaks at different
frequency domain. As the frequency of probe laser beam is fixed and locked
between Fy = 3 and Fe= 4 hyperfine of ®Rb D2 transition line. The pump
beam is scanning between ground (Fq = 3) and excited hyperfine components
(Fe = 2, 3, 4). As we have selected Fe = 4 as a zero point, then possible
velocity groups on resonant to the hyperfine components due to the pump
beam can be 0 - kv = 0, -A43(= 120.64 MHz), and -A4(= 184.041 MHz) as
shown in Fig. 3.4 (as pump beam scanning between hyperfine components
Fe = 2, 3, 4) ) and possible velocity groups on resonant to the hyperfine
components due to probe laser beam scanning can be 6. kv = 0, -Ag3(=
120.64 MHz), and -A4(= 184.041 MHz). Thus detuning &; which an atom
feels for pump and probe laser can be obtained from kv = 0, 120.64 MHz,
184.041 MHz. Thus §; = -184.041 MHz, -120.64 MHz, -63.401 MHz, 0
MHz, 63.401 MHz 120.64 MHz, 184.041 MHz. Thus we observe seven

resonances peaks when the pump laser is scanned through hyperfine
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components between Fe = 4 and Fe = 2 as shown in Fig. 3.3a (theoretical
calculated) and 3.3b (experimentally observed). As mentioned that the
polarization of probe beam is fixed at right circular polarization while the
polarization of coupling laser is changed from right circular to left circular
polarization by changing the angle between optics axis of the quarter wave
plate and vertically polarized probe beam with an increment of 15 degree. A
vertically polarized coupling beam is passed through quarter wave plate with
optic axis angle of +45 degree with respect to y-axis to make it as right
circularly polarized coupling beam. Than the optic axis angle (g) of the
quarter waveplate with respect to the y-axis is rotated in anti-clockwise
direction by +15 degree. The polarizations of the pump beam at € = 0 and
¢ =15 are vertically linear polarization and elliptically polarizations. Finally
the polarization of the coupling laser beam becomes left circular polarization
at € = -45. For each polarization of the probe laser beam, transmission signal
of the probe beam are measured theoretically and experimentally. In Fig. 3.3
we have seven calculated and observed resonance peaks in between -300
MHz to 300 MHz control laser detuning frequency range. We can see that
the signal for cycling transition Fg= 3 to F.= 4 (fourth peak from left to right
in the Fig. 3.3) is significantly changing as the polarization of coupling laser
is changes. In case of c'—c" —polarization (both coupling and probe lasers
are right circularly polarized) the doublet structure (EIT-like) can clearly be
observed which is the main difference from case of 6~ -polarization of
probe and coupling lasers in the spectrum. According to transition selection

rule Am_=0, =£1, the right circularly polarized probe beam is consider to be

- 44 -



taken as m_ = +1 and coupling laser as m_ = -1. In this particular condition,

the two photon transition probability is lowest then all other polarization
configuration of coupling and probe lasers beams. The atomic populations
decay into dark state through optical pumping process by control laser and
due to high saturation effect the transmission increase. Similarly if we look
at other peaks of the spectrum it can be seen that first and second peaks
continuously increasing as the polarization of control laser changes from
right circular polarization to left circular polarization. Intensity of third, fifth
and sixth peak is gradually decreasing while the 7" peak of the spectrum is
totally upside down with orthogonal polarization state of probe and coupling

lasers fields due to redistribution of atomic population in magnetic sub levels.

3.5 Linear-linear polarization dependences of the velocity
dependent probe transmission signal

0.2 9 probe: Horizontal

Rb C.P=1mW
F=3to F=4 P.F =10 uW
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-0.1 4
&= 45(H)

co-propagtion

Control:
£=0(V)

=15

Probe Transmission

beam size=4mm

-0.2 T T T T T 1
-300 -200 -100 0 100 200 300

Control Detuning (MHz)

Fig. 3.5 Experimentally obtaind probe beam transmission spectra in case
of linear and orthogonal polarization configuraltion.
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We have observed experimentally probe transmission profiles due to
thermal velocities of atoms in coupling-probe experiment from hyperfine
level between the ground 5S;, and excited 5Ps, D2 transition line of ®°Rb
atom with degenerate magnetic sub-level with respect to changes of
polarization of coupling beam We have calculated the transmission and
absorption spectra of ®Rb between hyperfine-level Fy = 3 — F. = 4  with
degenerate magnetic sublevels when polarization coupling beam is changed
from vertically polarized to horizontally polarized by changing the angle
between optics axis of the half wave plate and vertically polarized coupling
beam with an increment of 15 degree while the polarization of probe laser is
fixed as horizontal linear polarized.

As explained earlier in detail the occurrence of probe transmission peaks
in case of circular polarization configuration of coupling and probe laser
fields. Similarly in case of liner polarization configuration of coupling-probe
fields, one can explain these probe transmission peaks exactly similar way.
Fig. 3.5 show transmission profile variation with respect to scanning of
coupling laser beam between-300MHz to 300 MHz in closed system with
zero detuning at Fy = 3 and F, = 4 of %Rb atom. The probe and coupling
powers were kept fixed as 10 uW and 1mW respectively. The probe laser
frequency is fixed and locked to transition between Fy= 3 ground and Fe= 4
excited state while the frequency of control laser is scanning. In case of
linear and parallel polarization configuration of coupling and probe laser
beams, the level configuration consists of separate two-level system which is

connected through spontaneous emission. Each two-level system compose of
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a two Zeeman sublevel with equal magnetic quantum number in ground and
excited state mg= me. A narrow transmission peak in linear and parallel case
can be observe as the population transfer due spontaneous emission between
pairs of level connected by these fields. As coupling-probe laser cannot form
N-type or V-type atomic system in case of linear and parallel polarization
configuration, that is why we cannot observe EIA-dip in lowest peak of Fig.
3.5.

In linear-linear configuration, the most interesting and most complex
case is linear and orthogonal polarizations of coupling and probe beams.
Linear and orthogonal polarization configuration provides almost similar
probe transmission signal as in case of circular and orthogonal polarizations
of coupling and probe laser because each of linear polarization consist of
right and left circular polarizations with more transitions lines in DTLS. In
Fig. 3.5 the top most curve show the result for case when coupling and probe
laser fields are linear and perpendicular polarized. The main difference
between circular-orthogonal and linear-orthogonal case is the optical
pumping effect. Optical pumping is linear phenomenon for spontaneous
decays and compare to linear polarization configurations the optical pumping
effect in circular polarization configuration of coupling and probe laser is
much stronger. When the polarization coupling and probe beams are linear
and orthogonal, the strong coupling beam will transfer all the atomic
populations to Zeeman sub-level through optical pumping mechanism and as
result probe transmission decrease down at zero detuning regions. In DTLS
polarization of probe and control laser fields plays significant role to transfer
of population from excited states and consequently variation in absorption
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and transmission signal profile is observed when the polarization state of

control and probe lasers fields were changed.

3.6 Power dependent probe transmission spectra in case of
linear and perpendicular polarizations.

BSRb
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Fig 3.6 Experimentally obtaind coupling power dependent probe transmission
spectra in case of linear and orthogonal polarization configuraltion between -300
MHz and 300 MHz.

In Fig. 3.6 we show obtained coupling power dependent transmission
spectra of Fg = 3 — F.= 4 D2 transition line of 8Rb atom in rubidium vapor
cell. Probe laser is horizontally polarized while the control laser is linear

vertically polarized. The intensity of probe laser is fixed at 10 uW while the
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intensity of coupling beam is changes from 75 pW to 2.4 mW. Probe laser is
locked to Fg = 3 —F¢ = 4 while the coupling laser is scanned through
hyperfine Fg= 2 and 3 — F.= 1,2,3,4 of ®Rb. In linear and perpendicular
polarization configuration, all ground state magnetic sub-levels are coupled
to strong coupling laser beam and atomic population is distributed among all
these ground state sub level. The size of these seven peaks depends upon the
power of lasers beam. As shown in Fig. 3.6, when power of coupling laser is
very weak, the optical pumping effect is lower and we observe smaller sized
transmission spectra. However as power of coupling laser is gradually
increased, the transmission peaks become clearer because the intensity of
coupling laser is directly related to atomic coherence and in cycling
transition one can observe very interesting phenomenon of probe absorption
at zero detuning. It is already explained in detail in case of circular-circular
polarization configuration that why and how these seven peaks appears when
coupling laser scanned between -300 MHz and 300 MHz frequency range.
Due to optical pumping effect the shape and size of transmitted peaks are

changes due to redistribution of atomic population.
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3.7 Probe Transmission spectra in an open system
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Fig. 3.7 Probe transmission spectra of Fg =2 —>Fg=3o0f ®Rb at (a) theoretically

calculated from density matrix equation (b) experimentally observed spectra. Probe laser is
right circularly polarized and the polarization of control laser is change from right circular

polarize to left circularly polarized.

This set of experiment was performed using co-propagating coupling and
probe laser beams in an open system of ®*Rb atom D2 line. Theoretically
calculated and experimentally observed probe transmission spectra are

shown in Fig. 3.7 the intensities of coupling and probe lasers were 90 pW

and 9 uW respectively. The frequency of probe laser beam is fixed and

locked between Fq = 2 and Fe= 3 hyperfine of %Rb D2 transition line and

coupling beam is scanning between ground Fy = 2 and excited hyperfine

components Fe = 1, 2, 3. As probe laser is tuned to hyperfine level Fg =2 —

Fe= 3 for zero velocity atoms, the transmission of probe laser is increases
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when the coupling laser tuned to Fg =2 — F. =1, 2, 3 also for zero velocity

atoms. The additional peaks appears in the spectrum can be explain by
Doppler effects. For atoms moving in opposite direction to the propagation
direction of laser beam with some particular velocities which correspond to
the shifts of 63.4 MHz and 92.7 MHz shown in Fig. 3.4. It is clear that the
atoms with velocities which can provide a shift of 63.4 MHz interacting with
probe laser beam. The probe laser couple the transition Fg =2 — F.= 3. One
can observe the probe transmission peak if the coupling beam is tuned same
transition for the same velocity group. This means the peak at 92.7 MHz is
not only because of laser interactions with zero velocity atoms but also
interaction of atoms in 63.4 MHz shifted velocity group. As coupling and
probe laser co-propagates through vapor cell detuning for coupling and probe
lasers which atom feel are & control = 0¢ - kv and  Sprone = 8p - Kv, respectively
where &; and &, are coupling and probe laser detuning from Fq=2 — Fe =
3 resonance line respectively. Fig. 3.7(a) and (b) show spectral change
between frequency region including Fe= 1, 2, and 3 hyperfine components
with reference to fixed laser frequency of Fg =2 — F.= 3 and for theoretical
calculation and experimental observation, respectively. Because of Doppler’s
effect, the additional peaks in the spectrum can be observed. From energy
level diagram shown in Fig. 3.4, one can predict the exact position of these
peaks by looking at frequency shifts due to the Doppler’s effect as energy
shifts of excited level. As we have taken F¢ = 3 as a zero point, then possible
velocity groups on resonant to the hyperfine components due to the pump
beam can be 0 - kv = 0, -Ag3(= 63.4 MHz), and -As;(= 92.7 MHz) as shown
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in Fig. 4 (as pump beam scanning between hyperfine components Fe = 1, 2,
3) ) and possible velocity groups on resonant to the hyperfine components
due to probe laser beam scanning can be dc- kv = 0, -A3»(= 63.4 MHz), and -
Az1(= 92.7 MHz). Thus detuning 3. which an atom feels for pump and probe
laser can be obtained from kv = 0, 63.4 MHz, 92.7 MHz. Thus J; = -92.7
MHz, -63.4 MHz, -29.3 MHz, 0 MHz, 29.3 MHz 63.4 MHz, 92.7 MHz. It is
observed that the population distribution of among the ground sub-levels are
affected by polarization configuration and intensities of laser filed so the
magnitude of the transmitted peaks showing different behavior at different
polarizations of coupling and probe lasers beams. The experimental results
matched very well with those theoretical results which were calculated from

density matrix equation.

3.8 Probe absorption and transmission spectra in an open
system

It has been believed that in open system EIA signal could not be occur.
However, Kim et al. [30] observed EIA signal in an open system using an
orthogonal linear polarization configuration of coupling and probe laser
beams with co-propagating beam directions Here we describe the
experimentally observed narrow EIA-dip signal in open system of ®*Rb and
8Rb D1 and D2 transitions line.

The experimentally observed EIA signal in D2 transition line of both
isotopes of rubidium atoms for circular and orthogonal polarized coupling

and probe lasers with coupling power of 3 mW and probe laser power of 10
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uW are shown in Fig. 3.8 (a) and (b).

[ 024
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Fig. 3.8: Experimentally observed EIA signal when control laser is right circularly
polarized and probe laser is left circularly polarized. The power of control laser is 3 mW
while the power of probe beam is 10 pW. (a) Probe laser is locked to Fg= 3 — F, = 3 while
the coupling laser is scanned through hyperfine Fy = 2 and 3— F, = 1,2,3,4 of ®RB (b)
probe beam is locked to Fy = 2 — F, = 2 and coupling laser is scanned through hyperfine
Fs=1and2 —» F.=0,1,2,3 of $Rb D2 transition line in an open system. The bottom curve

show the SAS signals of respective rubidium isotopes.

By using saturation absorption spectroscopy (SAS), the probe beam is
locked to hyperfine components Fy = 3 — F.= 3 and scanning of control
beam between -300 MHz and +300 MHz between frequency region
including Fy = 2 and 3—F, = 1,2,3,4 of ®Rb and similarly in case of ®'Rb,
probe beam is locked to Fy = 2 — F.=2 and coupling laser is scanned
through hyperfine Fg = 1 and 2 — F.= 0,1,2,3. As mentioned [2] that to

observe EIA the atomic system must be closed but in case of Fg =3 — F.=3
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of ®Rb and Fy = 2 — F.=2 of ¥’Rb atom system are open because of
selection rule excited stat atoms can decay back to both of ground state sub
levels and does not obey one of the three conditions for observing EIA dip
signal so one can expect EIT because control laser is pumping atomic
population in to those ground levels which are not coupled to probe laser
(dark state) so the number of atoms in original ground state are reducing
down. These dark states coupled coherently with control and probe laser
fields but the probability of transfer of coherence from excited state to
ground state reduced down so we observed decreased EIA dip signal
compared with a closed system. The structure near frequency +121MHz,
+194 MHz etc. in upper trace of Fig. 3.8 (a) and similarly the structure near
frequency +267 MHz and +410 MHz in upper trace of Fig. 3.8 (b) are due to

velocity selective optical pumping.

3.9 Absorption and transmission spectra in D1 line (open
system)

In case of D1 line, we obtained EIA signal along with VSOP peaks for all
possible allowed optical transitions. Fig. 3.9 show the schematic diagram of
energy levels for both isotopes of Rb atom and each isotope separately

compose of four allowed transition lines between 5S3,, and 5Py, level.
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Fig. 3.9 Energy level diagram of ®Rb and ®'Rb atoms D1 line showing
hyperfine structure of the 5S,,, and 5Py, level. Energy values are in MHz.

Experimentally observed probe absorption spectra for various values
pump power with fixed probe intensity at 30 uW is shown in Fig. 3.10. The
probe beam frequency is fixed and locked to the transition between Fq = 2
and F, = 3 hyperfine D1 transition line of ®*Rb atom while pump beam
frequency is scanning around the same transition. Probe laser is horizontally

polarized while the control laser is vertically polarized
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Fig. 3.10 Experimentally observe probe absorption spectra for Fy= 2 to F
= 3 D1 transition line of ®Rb atom for various coupling powers with fixed

probe laser power of 30 uW. The bottom curve is SAS signal for calibration.

By looking at the spectra shown in Fig. 3.10, we can observe the
transmission peak on left side of EIA-dip signal near -362 MHz which is
quite similar separation as shown in Fig. 3.9 between Fy = 2 — F, = 3 of
®Rb atom. This transmission peak is due to velocity selective structure with
broad linewidth (FWHM). We could not observed EIA dip-signal up to 1
mW of coupling laser field but as the intensity of coupling field is increased
we observe clear EIA signal which stated with 1.5 mW and signal become
more clears with high coupling power of 5.5 mW. Compare to closed system
much power is needed to observe EIA signal in an open system.

Fig. 3.11 show the absorption spectra observed in open system (Fq = 3 to
Fe = 2) of ®Rb D1 transition line as a function of pump laser detuning
frequency depending upon the intensity of coupling laser field. The pump

laser is vertically polarized and probe laser is horizontally polarized. The
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probe laser frequency is locked to transition between Fq= 3 ground and F.=
2 excited state while the frequency of pump laser is scanning. The intensity
of probe laser is fixed to 15 uW and the power of pump laser field is
changing from 1mW to 8.5mW with an interval of 1 mW. The bottom curve
shows SAS spectrum. We can see two transmittance peaks at Fj= 3 —F.= 2
and Fg = 3 — Fe= 3 respectively, at coupling laser power of 1 mW. These
peaks occur when control laser depletes population in open system by optical
pumping. Most of the atoms in F,= 2 state decay spontaneously to ground

stat Fg = 3 and remaining atoms transfer to other ground state Fy = 2.
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Fig. 3.11 Experimentally obtained probe absorption spectra of Fg=3to F, =2, 3

D1 transition line as a function of control laser frequency while the probe laser

frequency is locked to Fy= 3 to F, = 2. Probe laser is horizontally polarized while

control laser is vertically polarized. The power of probe laser is fixed to 15 uW.

The power of control laser is increasing from 1 mW to 8.5 mW. The lowest curve
indicates the SAS spectra of D1 line of ®*°Rb.
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Since this system is an open system and absorption spectra should show
transmission because strong coupling laser optically pumped the atomic
population to other sub-levels which are not coupled with weak probe laser.
Up to ImW of coupling beam power we only observe the transmission
peaks as the power of coupling laser field increases, EIA dip start to appear
near 3.5 mW. Furthermore, an increase in control laser power breaks up EIA
into two dips and convert it to EIT based on CPT into dark state. But we
observe EIA signal although these observed signals are very small compare
to those signals which we obtained in a closed atomic system of both
isotope of Rb atom. Thus we can say that spectrum shown in Fig. 3.11 is
determined by EIT. This conversion of EIA into EIT also been observed by

Z.Y-Ting et al. [42] in closed system of Cs atoms.
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Chapter 4
Spectral features of electromagnetically induced
absorption in *Rb atoms

4.1 Introduction

Previously there have been lot of research works related to broad EIA-
dip signals based on different parameters like powers of beams, different
polarization configuration, beam size, and geometry of the experimental
setup etc., but thermal averaging effects on spectral features like ultranarrow
signals of EIA were not investigated theoretically and experimentally with
respect to power of pump beam by many researcher groups. In high power
pump limit of circular and orthogonal polarization configuration, thermal
averaging effects play decisive role in the splitting of EIA spectra.

In this chapter we provide comprehensive detail of absorption spectra by
using newly developed theoretical technique. This technique is used for
solving the generalized time dependent density matrix equation to explain
the features of absorption spectra without considering phenomenal
parameters. This new method unravels EIA spectra with ultra-narrow and
split signals based on intensity of pump laser beam in both thermal and
stationary atoms. In this chapter we mainly focused on obtained transmission
spectra for the case of Fg= 3 — F. = 4 cycling transition D2 line of ®Rb
atoms. Pump beam power dependent ultranarrow and split spectral features
of EIA in broad subnatural EIA have been investigated. Sensational

variations in ultranarrow signals are observed with an increase in pump
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power due to thermal average effects. In case of same-circular and circular
and orthogonal polarization of pump and probe beams, the EIA signals have
ultranarrow EIA features in low power of pump beam. However at high
power of pump beam the behavior of EIA signals are different at different
polarization states of pump and probe beams. A complete detail of EIA
features with respect to pump power in case of same and orthogonal
polarization configuration is present in upcoming sections of this chapter. A
part from these EIA features we make sure the coherent effect in EIA by
investigating the difference between transmission signal with and without
coherence terms in density matrix equation such as transfer of coherence or
Zeeman coherence. We concluded that the coherence terms of density matrix
equation determined the broad dips in normally coherent EIA features
instead of incoherent power saturation effects.

Our experimentally observed results in case of two independent lasers for
each of pump and probe match well with the calculated features for same and
orthogonal polarization configuration except ultra-narrow EIA peak. This is
because of lasers linewidth of two independent pump and probe lasers which
is approximately equal to 2 MHz.
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4.2. Calculated absorption spectra from various coupling

beam Rabi frequencies

4.2.1Theoretical calculated spectra

Probe absorption signals with coherence effects between magnetic
sublevels were calculate by using above mentioned technique. Pump-beam
Rabi frequencies dependent absorption spectra have been calculated. The
coupling beam frequency detuning is fixed at the resonance line while the
probe beam frequency is detuned. The results for the stationary atoms (v = 0)
and Doppler thermal averaged results in case of same polarization
configuration are shown in Fig. 4.1(a) and (b) and for orthogonal
polarization configuration of pump and probe beams are shown in Fig. 4.1(c)
and (d), respectively. In Fig. 4.1, the Rabi frequency of the probe beam is 2z
x 1MHz (hereafter, 2z is omitted). At low pump Rabi frequencies the
ultranarrow EIA spectra are observed in both, same and orthogonal
polarization configuration when the stationary atoms are considered which
are shown in Fig. 4.1(a) and (c). As the pump Rabi frequency increases,
famous Mollow-type three-peaks are observed and shown in Fig. 4.1(a),

while  four  absorption peaks are  found in Fig. 4
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Fig. 4.1 Theoretical probe absorption spectra obtained in the cases of same (¢" — ")
polarization configuration (a) between —30 and= 30MHz with v = 0, (b) between —10
and 10 MHz with thermal motions of atoms, (c) orthogonal (¢ — ¢") polarization
configuration between —30 and 30 MHz with v = 0, and (d) between —10 and 10 MHz

with thermal motions of atoms, respectively.

Fig. 4.1(d) shows the results of case when thermal average effect is taken

into account. It can be seen that as the pump Rabi frequency increases the
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ultra-narrow EIA peaks become wider and splitted but still the linewidth of
these peaks remains sub-natural. In Fig 4.1(c) the ultra-narrow signals which
were observed up to 3 MHz of pump Rabi frequency remain only at 1 MHz
of probe Rabi frequency. In case of same polarization combination of pump
and probe laser beams, the ultra-narrow peak can be observed at low power
of pump beam and even at high power of pump laser this ultra-narrow peak
are generated but the magnitude of this ultra- narrow signal become weak as
shown in Fig.4.1(b).

To examine various aspects of thermal averaged absorption coefficient
for same and orthogonal polarization configuration cases, particular
absorption coefficient at v = 0 and + 5ms™ are calculated as shown in Fig.4.2.
As observed in the partial energy level diagrams using a dressed state
formalism shown in Fig. 4.2, the resonances of the probe detuning (dp) for

the same and orthogonal polarization cases at d. = O are given by

d,=0,+ /(kv)2 + Q3 (4.1)

for same polarization,

d, = il/Z[\/(kv)Z +Q5 + \/(kv)z +150Q5/28 ],

il/Z[J(kv)z +035 — \/(kv)z +15Q3/28] (4.2)

for orthogonal polarization case respectively.
It can be seen in Fig. 3 that separation of dressed state is different. In case
of same polarization configuration ultra-narrow peaks can be observed at all

pump laser power in thermal averaged absorption spectra. This fact can be
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explained and understand in straight forward way: despite the consequences
of motion of atoms, there exist a dispersive-shaped resonance at dp= 0 as
mentioned in equation (4.1). The slope of this resonance for positive and
negative value of atomic velocity is totally opposite to each other which can
be seen in Fig. 3(a). The narrow absorptive signal which is shown in Fig
4.2(b) is the consequence of combined velocities effect contributed by
individual atom. On the other hand in case of orthogonal polarization
configuration, refer to equation (4.2) the atomic velocities dependent four
resonances exist. Fig. 4.2(b) show the result of these particular case for v =20
and V= + 5ms™. After taking thermal averaging effect the two outer

resonances result flat signals. Similarly two interior resonances results in two

splitted EIA signal centered at ~ * (1 — (15/ 28)¥%)Q,. So ultra-narrow

signal can only be observed at very low power of pump beam and splitted
EIA spectral profile at moderate or high pump power.

In Fig. 4.3 we show the results for pump scanning at resonant condition of
probe (d, = 0). All the parameters and schemes are just similar as those in Fig.
4.1. The narrow features for zero velocity atoms are similar to those result
which are presented in Fig 4.1 due to coherent effect which is commonly
depends upon the difference in detuning of pump and probe laser beams. But
on the other hand the Mollow-type three resonance peaks due to same

polarization
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Fig. 4.2 Calculated absorption coefficients for (a) the same and (b) orthogonal polarization
cases at v =0 and +5 m s—1. Simple dressed state energy level diagrams are also shown to

explain the resonances.

and four absorption peaks in case of orthogonal polarization combination are
not easily visible. This happened because the exact location of resonance
depends upon the Rabi frequency and detuning of pump beam. As pump
beam is scanning so there will be variation in its detuning and that is why the

resonance become unclear. When thermal averaging effect and small
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scanning range are considered then non coherent effects are averaged out so
we can observe almost similar absorption spectra shown in Fig. 4.1. At far
detuning region, it is mostly observed that the results for two scanning

schemes are different.

4.3 The origin of the broad sub-natural EIAs

To investigate the origin of broad sub natural EIAs, we solved
density matrix equation in such conditions that coherence effect such as
Zeeman coherence and transfer of population were not taken into account.
Theoretically calculated probe absorption spectra with and without
coherence effects between magnetic sub levels are shown in Fig 5. The
absorption spectra with coherence effect is represented with solid line and
without coherence effect is shown by dash line are observed in case of same
(¢" — ¢” and (b) orthogonal (¢ — ¢") polarization configurations. For
numerical calculation we take the circular laser beam with radius 2mm and
Rabi frequencies of 15.7 MHz for pump and 0.94 MHz for probe beam.
The method of calculation without considering the coherence effect is called
simply rate-equation. As shown in Fig. 4.5, in the results of the rate-equation
calculations disregarding coherence effects such as TOC and TDTOP, EIA
spectra disappear. So the occurrence of EIA in both case due to coherence
effects instead of incoherence effects.

In Fig. 4.4(a), rate-equation calculations were performed by neglecting

time-dependent terms in equation (2.4) and terms of e 2" and e in
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equation (2.5), which result from the nonlinear wave mixing between the
pump and probe field. There exists significant difference between the cases
when calculating the absorption spectra with and without coherence effects.
This mean that the coherence term leads to results in both ultra-narrow
absorption signal and broad subnatural EIA signals. In off resonance
condition the population oscillation term do not disappear so big difference
is exists between two results. even though absolute inequity of the signals
due to coherence effects was reported in the case of pure two-level atoms [43,
44], it was not likely to discriminate the signals for the complex levels of F
= 3 — F. = 4 of the ®Rb-D2 line. In Fig. 4.4(b) the rate equation
calculations are carried out by neglecting the Zeeman coherences between
the magnetic sublevels in the excited and the ground states. But, the
difference between cases with and without coherence effects exists only near
zero detuning because the Zeeman coherences established between the
magnetic sublevels in the excited state die out in the off resonance situation.
Obviously it can be seen that the EIA was take place due to transfer of

Zeeman coherence of the excited states.
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Fig. 4.3 Theoretical probe absorption spectra for the coupling-detuning scanning,

obtained in the cases of same (¢ © — &) polarization configuration (a) for stationary

atoms, (b) for thermal atoms, and (c) orthogonal (¢ ~ — ¢") polarization configuration for

stationary atoms,(d) for thermal atoms.
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Fig. 4.4 Theoretical probe transmission signals with coherence effects between
magnetic sublevels, represented with solid line, and without coherence effects
between magnetic sublevels, represented with dashed line, obtained in the cases of
(a) same- (¢ * — ¢") and (b) orthogonal-(c ~ — ¢") polarization configurations. In the

inset of Fig. 4.4 (a) ultra-narrow spectrum is shown.

4.5 Explanation of Experimental results.

The experimental setup is described schematically in Fig. 3.1 and also a
comprehensive detail of this setup is present in section 3.2. For this particular
case of experimental results we used the same experimental setup. The lasers
beams with diameter of 4mm and Rabi frequencies of 15.7 MHz for pump
and 0.94 MHz for probe are used to observe EIAs absorption spectra. By
using saturation absorption spectroscopy (SAS), the probe beam is locked to

the hyperfine Fy = 3 — F¢ = 4 transition line while the pump laser is scanned
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in wavelength around the same ( Fy = 3 — Fe = 4) transition.

Fig. 4.5 shows theoretical (upper curve) and experimental (lower curve)
probe transmission spectra for the transition Fy = 3 — F. = 4 of the ®Rb-D2
line obtained in the cases of (a) same (o+ — o+) and (b) orthogonal (6— — o+)
polarization configurations of pump and probe beams. For theoretical
calculation and experimental observation the spectral features which are
shown in Fig. 4.5 have observed when pump beam scanned between
frequency range —50 to +50 MHz with respect to the fixed probe-laser
frequency of the Fy = 3 — F, = 4 transition,

In case of same polarization configuration the pump and probe beams (¢*
— ¢") both the lasers excite the same magnetic sublevel between ground and
excited states. Thus it is obvious that in this situation pump-probe laser beam
cannot form N-type atomic system between magnetic sub-levels so that EIA
resonance signal cannot be observed. But there are theoretical predictions
for observing EIA signal even in case of same polarization of pump and
probe beams due to transfer of population. On the basis of theoretical
prediction and calculation we expect not only sub natural EIA signal but also
extra ultranarrow EIA signal implanted in broad sub natural EIA. Three
different features can be observed in theatrically calculated spectra shown in
Fig. 4.5(a). These features like an ultra-narrow EIA, a broad Subnatural EIA,
and a very broad probe transmission. All of these signals are enclosed in the
Doppler absorption profile. The middle wide probe-transmission spectrum
results from pump power-dependent saturation effects and its spectrum
increases as the power of pump laser increased. The inset in Fig. 4.5(a)
shows stretched spectra of the calculated EIA signal, which shows a spectral

-70 -



linewidth of ~0.1 MHz. These ultra-narrow and broad sub-natural EIA
spectra vanish whenever coherent effect such as TDTOP is eliminated.
Asymmetries of the main broad peak in Fig. 4.5 result from overlapping of a
closely adjacent spectrum due to power broadening without EIA, which are

not shown in Fig. 4.5.
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Fig. 4.5 Theoretical (upper trace) and experimental (lower trace) probe transmission
spectra obtained in the cases of (a) same (o+ — o+) and (b) orthogonal (6— — o+)
polarization configurations, respectively. The inset in (a) shows expanded portion of
ultra-narrow E1A embedded in broad sub-natural EIA obtained from the theoretical

calculation.

We mainly concentrate on the middle peak with EIA in the calculation
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without considering effects from neighboring peaks. In the theoretical
calculation, the effect of neighboring peak on the middle peak is not taken
into account so that a symmetric line is observed. The major dissimilarity
between theoretical and experimental results is situated at the central part of
the spectra, where results from the coherence effects of TDTOP are due to
spontaneous decay from upper excited magnetic sublevels for the same
polarization configuration.

A.D.W. Gordon et al. [43] and V.S. Letokhove et al. [44] reported that in
the case of a pure two-level system when the decay rate of the upper level is
less than that of the lower level due to collisional effects then the additional
ultra-narrow line can be observed. They did not consider coherence effects
due to interlinking between magnetic Zeeman sublevels. However, EIA is
created because of time-dependent oscillating population decays from levels
interlinked between magnetic sublevels even in our case, without such
collisions as hyperfine-changing collisions in the ground state where the
decay rate of the ground state is much slower than those of the excited states.
Ultra-narrow EIA signal was not observed in the experiment. The reason that
there is no ultra-narrow line in the central part of the spectra is that two
different lasers with linewidth of ~1 MHz produce an approximate 2 MHz
linewidth difference. Thus, spectral shapes much narrower than the laser
linewidth cannot be observed because of the large shared linewidths of the
two different lasers. In orthogonal polarization case the observed EIA signal
is slightly wider but not much deeper. Experimentally observed linewidth of
EIA is 3.8 MHz, which is similar to the theoretically calculated 3.3 MHz.
The linewidth of the EIA signal is smaller than the natural linewidth of 6
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MHz. At low pump power the EIA signal was not observed. With an
increase in pump power the EIA signal steadily increase. Fig. 4.5 (a) and (b)
show the agreement between theoretical and experimental transmission
signal except for central region. But we performed another experiment by
using one laser combined with acousto-optic modulators (AOM) which
provided much narrow linewidths of observed EIA spectra so that such ultra-
narrow EIA signal has revealed and presented in chapter 5.

The theoretical calculated spectrum in case of orthogonal polarization of
pump and probe laser beams shown in Fig. 4.5 (b) consist of two narrow,
split EI1A signal in upper curve, which splits into two EIAs due to the high
power of the pump laser beam. The split EIAs in the central area have a
spectral linewidth of ~1 MHz. The experimental spectrum in Fig. 4.5(b)
composed of an EIA signal inside the wide probe transmission in the lower
curve because of coupling-power saturation. The observed linewidth of EIA
is 3.7 MHz, which is similar to the calculated 3.2 MHz without taking into
consideration a narrow central peak with a linewidth of 1 MHz. The
linewidth of the EIA dip signal is smaller than the natural linewidth of 6
MHz. the experimentally observed spectrum which is compose of an EIA
signal. The absence of narrow and split EIA spectra inside the probe
transmission is due to pump power saturation effect. As mentioned above
that pump and probe laser beam together have broad linewidth so these ultra-
narrow and split EIA line could not observed. The increase in pump laser
power results in splitting of EIA signals. In case of same polarization
combination of pump and probe laser beams, the decrease in pump power
does not results in EIA signal. Except central region of spectra strong
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agreement between experimental and theoretical transmission spectra is
shown in Fig. 4.5 (a) and (b).
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Chapter 5

Observation of ultra-narrow spectral features of
electromanetically induced absopton in two-
level system with Zeema multiplet degeneracies

of ®*Rb atom

5.1 Introduction

Some researcher groups bevlied that there should be existance and
splitting of ultranarrow EIA signals based on powers and different
polarization combination of pump and probe laser fields. Even at
significantly low power of pump beam these ultranarrow signals should have
to observe due to time dependent transferof population(TDTOP) in DTLS in
case of same polarization combination of pump and probe fields. In closed
atomic system the splitting of these ultranarrow signal in case of orthogonal
polarization configurtion of pump and probe lasers can occure when the Rabi
frequency of pump beam is greater than the decay rate of upper excited state
and lower than probe intensity [29].

Uptill now there is no report on experimental obsrevation of such
ultranarrow spectral features of EIA signal profile in case of same and
orthogonal polarizaition combinations. Althouh an attempt has been made to
observe these predicted ultranarrow signals in case of same polarization

configurartion by using tow separate lasers sources for pump and probe laser
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beams [38] but they did not succed to generate these ultranarrow features.
The linewidths of these ultranarrow signal can have in the range of some tens
of kilo Hretz (90 to 100 KHz). Useually the lasers systems used for pump-
probe experiments have linewidth roughly equal to 1 MHz so in case of two
independent laser system experiment the the combined lienwidth of both
beam would roughly be equal to 2 MHz which is quite larger than compare
to linewidth of predicted ultranarrow signals and we think that this is the
main reason that in two laser system of pump- probe experiment no body
has generated usch ultranarrow EIA signals.

In this chapter we describe our major experimental breakthrough in
which we observe ultra-narrow EIA signals, which were theoretically
predicted due to TOP and TOC in cycling transition of DTLS of ®*Rb atoms.
The experimentally observed linewidths of EIA signal are less than 100 kHz
and much narrower than one predicted in [29]. For this purpose we used two
different experimental schemes by using single laser combined with two
acousto-optic modulators (AOMS) to investigate theoretical predictions. The
experimental ultra-narrow EIA features matched well with simulated spectra

obtained by using generalized time-dependent optical Bloch equations.

5.2 Experimental Setup

The experimental setup for same circular polarization configuration
is shown in Fig. 5.1. We used four different experimental schemes for
different polarization combinations of pump and probe laser fields.
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Fig. 5.1 Schematic of the experiment with one laser for both control and probe laser beams.
Figure key: M-mirror, Ol-optical isolator, W-window, AOM-acousto-optic modulator, BE-
beam expander, A/2- half wave plate, A/4-quarter wave plate, NDF- neutral density filter,

PBS-polarizing beamsplitter, PD-photodiode and BS-beam splitter.

A 780 nm homemade external cavity Diode laser (ECDL) is used for both
pump and probe beams. The frequency of probe beam is fix and locked on Fg
= 3 — F.= 4 of ®Rb D2 transition line by using home-made lock-in
amplifier. As shown in Fig, the vertically polarized laser beam is first divided

into pump and probe beams by using first window (W1). After window the
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reflected beam is further divided into two equal portions by beam splitter
(BS). At this point the one part of beam (transmitted) is used as a probe beam
for EIA experiment while the other part (reflected) of this beam is used for
SAS experiment. The scanning of pump laser frequency is achieved by using
two acousto-optic modulators (AOM). The vertically polarized transmitted
beam from window (W1) of frequency o was sent into first AOM1. The
AOM will be adjusted to be at Bragg angle such that only first and zero
orders beam will be emitted. Here we used the method of double pass of
pump beam through AOML1. As zero order beam is not important and there is
no more any use of it throughout the experiment that is why we blocked it.
To change the polarization state of the first order up-shifted pump beam, this
beam passed through quarter wave plate and focused on mirror. Here at this
point the pump beam was reflected to trace back the original path passing
through all optics and then into AOM1. As the beam has passed through
AOML1 twice which results the beam frequency up-shifted to wy + 20; ,
where o; is the central frequency of AOML1. Here the polarization of pump
beam has changed from vertical to horizontal polarization because this beam
passed twice through quarter wave plate. Now at this stage pump beam can
pass through PBS. This doubly up-shifted (oo +2w;) pump beam was once
again sent into second AOM2 for double pass down shift in frequency which
results as o +2m;- 20, Where w; is the central frequency of AOM 2. Again
this pump beam passed through 2" quarter wave plate twice so the
polarization of this doubly down shifted beam will be vertically polarized
just before PBS. Now this beam will be deflected by PBS at 90 degree. Two
separate beam expanders were used to expand the pump and probe lasers
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beams equal to 4mm in diameter. The polarization of pump and probe lasers
beams were made perfectly vertical and horizontal respectively just before
first common beam splitter (PBS) by using two half wave plates.

This experimental setup can be used for two different polarization
configurations of probe and pump lasers beams. One of them is linear and
parallel case while the other is same-circular polarization configuration. As
discussed above that pump beam is vertically polarized. Now by using half
wave plate, the probe beam was also made as vertically polarized which can
be checked by using polarimeter. Two separate quarter wave plates with
optics axis angle € = 45 with respect to y-axis are inserted in front of both
pump and probe laser beams just before the BS which prepared the right
circular polarized pump and probe lasers beams. Both beams are mixed at
BS and well overlapped in the vapor cell. At long distance these two beams
are separated. The pump beam is blocked while the probe beam is focused on
photodiode.

In case of linear and parallel polarization configurations of pump and
probe lasers beams, one need to remove only two quarter wave plate from
above setup of same-circular polarization configuration. In this case both the
beams are vertically polarized which interacts with atoms in the cell.
Similarly this setup can also be used in case of circular and orthogonal
polarization configuration as well as linear and perpendicular polarization
configuration of pump and probe laser beams by changing the optics axis
angle of half wave plate and quarter wave plate. But one can get more batter
and narrow EIA signal by making some modification in above experimental
setup without disturbing main setup. Replacing BS by PBS and inserting two
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quarter wave plates just before and after Rb vapor cell. Finally one PBS
should be inserted before the photodiode. In this way when vertically
polarized control and horizontally polarized probe beams are mixed at first
PBS then these two beams look like to be one beam because of very well
overlapping. First of all these two beams passed through first quarter wave
plate. When the polarization angle of quarter wave plate is set at € = -45
degree with respect to y-axis, then This arrangement prepared pump beam as
left circularly polarized and at the same time initially horizontally polarized
probe beam will be right circularly polarized. These two circular and
orthogonal pump and probe lasers beams interact with Rb atoms in the cell.
Now placing another quarter wave plate after cell at ¢ =- 45 degree with
respect to y-axis will make again control beam as vertical polarized and
probe bean as horizontal polarized. These two beams can be separated by
placing another PBS after Rb cell. This PBS reflects the vertically polarized
pump beam and allow horizontally polarized probe beam to transmit. The
transmitted probe beam is detected by photo diode.

Similarly in case of linear and perpendicular polarization configuration
we need to remove both quarter wave plates from the setup. In this situation
after 1% PBS the control beam is vertically polarized while the probe beam is
horizontally polarized. When these two well overlapped beams reached at 2™
PBS after passing through Rb vapor cell, the vertical pump beam reflected at
90 degree and horizontally polarized probe beam is transmitted. The
reflected beam is blocked while the transmitted beam is detected by
photodiode.

A ramping voltage of 125mV,, (peak to peak) which allow the pump beam
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to detune in the range of 5MHz. The intensities of both beams were
controlled by two separate neutral density filters (NDF). Maximum power of
control beam which is used in this experiment was 1mW while the power of

probe beam used here between 10 and 20 pW.

5.3 Experimental results

In this part of thesis we explain the theoretical calculated and experimentally
observed ultra-narrow EIA signals which are obtained by using experimental

setup shown in figure 5.1.

5.3.1 Circular polarization case

In case of same circular polarization combination of pump and probe
laser fields, the theoretically calculated and experimentally observed probe
absorption spectra are shown in Fig 5.2 (a) and (b) respectively. The
absorption spectra from the cycling transition line in DTLS of thermal **Rb
atoms were obtained between -2 MHz and 2 M Hz. To investigate the
spectral variations in probe absorption spectra, we changed the power of

pump laser beam while the power of probe beam was fixed at constant value
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Fig. 5.2 (a) Theoretical and (b) experimental EIA spectra in the case of same circular

polarizations of the probe and coupling beams with respect to the changes of pump powers.

Compare to natural linewidth of upper state which is 6.1M Hz the observe
linewidth is much narrow. Doppler broadening, laser line linewidth, laser
power, decay rate etc. are some factors which can affect the linewidth of EIA
signal. The experimentally measured linewidth of EIA signal at pump power
of 400 uW is approximately equal to 90 kHz while the theoretically
calculated linewidth is equal to 87 kHz which show the higher degree of
matches between observed and calculated linewidth. Much narrower
linewidth of EIA signal can be produced by using laser with linewidth
narrow than our case. This EIA spectrum is not split differently from
orthogonal circular and linear cases, which the EIA signals are split and
broadened when the coupling powers are increased moderately and because
of thermal averaging effects there is no splitting in spectra with strong power

of pump beam. In case of same polarization of pump and probe beams, there
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have been some theoretically predictions about such EIA spectra but no one
reported this type of observation in case of same polarization. Only one
experimental observation [38] was reported with same polarization
configuration but they could not able to produce such ultra-narrow EIA
signal and most probably it happened due to high power of pump laser and
combined linewidth of two independent lasers sources.

As shown in Fig. 5.2 when the powers of the pump beam increase, the
strengths of the EIA signal are decreasing. As explained in detail in chapter 4
the ultra-narrow EIA signal for a stationary atom exists at lower coupling
beam power and diminishes with the increased pump beam power. This
ultra-narrow signal remains for thermal atoms and also another factor can
cause to produce narrow EIA signal. In this case at zero detuning of pump
beam the resonance exist irrespective of atomic velocity. Since the slope of
the resonance at positive and negative value of the velocity is precisely
opposite, a narrow absorption signal can be observed. This effect can only
support to produce narrow signal when the power of pump beam is high.
That is why the intensity of whole EIA signals decreases as the power of

pump beam increases.
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Fig. 5.3 (a) Theoretical and (b) experimental EI1A spectra in the case of orthogonal

circular polarizations of the probe and coupling beams with respect to the changes

of pump powers.

The theoretical calculated and experimentally observed probe absorption
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spectra between -2 MHz and 2 MHz in case of circular and orthogonal
polarization configuration are shown in Fig 5.3 (a) and (b) respectively.
Based on theoretical prediction the splitting of EIA signal into two at even
sufficient low power of pump beam is due to thermal averaging effect. In
chapter 4 as we discussed in detail that in cold atomic case the splitting of
EIA signal could not be observed. In splitting of EIA signal the power of
pump laser play vital role due to TOC effects. Compare to linear and
perpendicular polarization case the splitting in circular and orthogonal case
of polarization occur at relatively low power of pump beam. The author of

reference [48] also described that TOC effect in case of linear and



perpendicular polarization combination of pump and probe laser can take
place in higher pump power than decay rat of upper excited state. The strong
pump power can generate Mollow-triplet [59] type splitting lines. But so far
there is no any report to observe these ultranarrow splitted resonances due to
TOC which provide the linewidth below 100 kHz instead of very wide
feature due to power of pump laser. In chapter 4 we have explained the
thermal averaging effects on splitting of line due to pump powers between
same and perpendicular circular polarization cases by using dressed state
formalism. We could not observe the splitting at the central region of
resonance line in case of same circular polarization of both beams because
absorption resonances due to positive and negative atomic velocities cancel
each other. On the other hand at central region in case of orthogonal
polarization of pump and probe beams, the ultranarrow split EIA signals
exist at ~+[1- (15/28)"%] Q. From these theoretical and experimental
investigation and discussion we understand that power dependences of the
spectral profiles in the orthogonal- and same- polarization configurations in
thermal state are pretty dissimilar from those in cold state. Because of wider
linewidth of laser being used in experiment the experimentally observed
spectra shown in Fig 5.3 (b) in lower power of pump beam are not splitted
well as in case of theoretical calculation shown in Fig. 5.3(a).
5.4 Linear polarization cases.

Now we explain our next experimental results which were performed in
case of linear polarized of pump and probe beams. The optical pumping
effect in linear polarization case is weaker as compare to circular polarization

case. As linearly polarized pump beam can cause to exist the atomic
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populations at magnetic sub-levels so the theoretical calculation in linear

polarization cases are more tedious and complex as compare to circular

polarization case. The comparison between calculated and experimentally

observed probe spectra in case of same-linear polarization combinations are

shown in Fig. 5.4 (a) and (b) respectively
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Fig. 5.4 (a) Theoretical and (b) experimental EIA spectra in the case of same linear

polarizations of the probe and coupling beams with respect to the changes of pump

laser powers.

The observed linewidth of ultra-narrow signals in case of linear polarization

is 150 kHz. In case of same polarization, it is interesting to have similar

spectra between linear and circular polarization configuration because these

two schemes primarily identical except for different transitions strength and

population accumulation in circular polarization case. The pump and probe

beams tuned to the same transition line and TOP play important role in
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generating EIA signals in both cases.

It can be seen from Fig 5.4 (b) that the magnitudes of observed signals
are decreasing with the increases of pump powers which show quite similar
behavior as in case of same-circular polarization and above 1 mW, the
experimental EIA signal disappear. May be in all previous experimental
works different researcher groups used high powers of pump and probe
lasers in case of same polarization configuration and concluded that in same
polarization case N or V-type connection cannot be formed so occurrence of
EIA in this case is not possible.

The comparison between theoretically calculated and experimentally
observed spectra in case of linear and orthogonal polarization combinations
are shown in Fig. 5.5 respectively. With an increase in pump power the
subnatural ultranarrow EIA signal become wider and then split into two near
2 mW theoretically as shown in Fig. 5.5 (a) but in case of circular and
orthogonal case this splitting start relatively very low power of pump beam.
Up to 1 mW we can observe well matched theoretical calculated and
experimental observed spectra shown in Fig. 5.5 (a) and (b). Due to some
experimental limitations we could not increase the power of pump beam
more than ImW and that is why we could not observe the splitting in

experimental spectra which is shown in theoretical calculated one.
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Fig. 5.5 (a) Theoretical and (b) experimental EI1A spectra in the case of orthogonal

linear polarization configuration with respect to the changes of pump powers.

Compare to circular and orthogonal polarization, the splitting power of

pump beam is very high in linear and perpendicular polarization case

because the separation of the dressed state for a magnetic sublevel is not

quite different from that for closest magnetic sublevel. The separations

between the resonances for a stationary atom in the orthogonal linear scheme
are 0.024 Q,, 0.077 Q,, 0.15 Oy, and 0.5 Q,, while the separation in the

orthogonal circular scheme is 0.27 Q,. Therefore, we need approximately 10

times larger Rabi frequency in linear scheme than in circular scheme in order

to see a similar spacing between the two absorption peaks.
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Chapter 6

Conclusions

Based on different polarizations combinations, powers and direction of
pump and probe laser fields we have shown the variations in probe
transmission spectra from hyperfine levels between ground 5S;,, and excited
5Py, D2 line of Rb atoms at room temperature using degenerate two-level
atomic system. Various polarization dependent profiles in absorption and
transmission signal with EIT-like and EIA signal have been observed. We
calculate EIA spectra by solving time-dependent full density matrix
equations for the transition Fy = 3 — F¢ = 4 of the ®Rb-D2 line. Compared
to the existing calculating methods more accurate EIA spectra can be
produced since our method does not employ any phenomenological
constants and is based on temporal solutions of the density matrix elements.
From this new theoretical method, EIA spectra with ultra-narrow linewidths
embedded in broad sub-natural EIA, in the case of the same and orthogonal
circular-polarization configurations of coupling and probe lasers have been
obtained theoretically.

Thermal averaging effects on spectral features such as additional ultra-
narrow and split spectral profiles of EIA embedded in broad sub-natural EIA
have been investigated with respect to powers of coupling beam. The EIA
signals have ultra-narrow EIA signals in low powers of coupling and probe
laser beams in both same- and orthogonal-polarization configurations
irrespective of thermal averaging of the EIA signals. However, the ultra-
narrow EIA signals from high powers of coupling laser beams in the same-
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polarization configuration have disappeared and still remained in the ultra-
narrow state in zero velocity and thermal averaging cases, respectively. The
ultra-narrow EIA signals in the orthogonal-polarization configuration from
high powers of coupling laser beam have disappeared and split into two in
zero velocity and thermal averaging cases, respectively. Origins of the
existence of ultra-narrow EIA spectra and splitting of the ultra-narrow EIA
spectra under high power and thermal averaging have been revealed. The
observed EIA spectral profiles of probe transmission for the case of same-
and orthogonal-polarization configurations of coupling and probe laser
beams match well with the calculated spectral profiles of probe transmission.
We also confirm coherent effects in EIAs by checking the differences
between probe-transmission profiles with and without coherence terms of
density matrix elements in the density matrix equations, which elucidates in
detail the EIA spectral-line profiles according to laser detuning.

We observe strange behaviors of observed EIA signals depending on
circular and linear polarizations and power variations of the coupling and
probe lasers. The EIA signals with sub-natural linewidth of ~ 90 kHz even in
the cases of same circular and linear polarization configuration have been
obtained for the first time to the best of our knowledge. Ultra-narrow
splittings of EIA spectra with the increase of the laser powers in the case of
orthogonal polarization were obtained. EIA signal was decreased in the case
of same polarization case with the increase of coupling powers due to TOP.
In weak coupling power limit of orthogonal polarization configurations,
thermal averaging effects plays major role in the splitting of the EIA spectra
while in strong coupling power, Mollow triplet-like mechanism due to strong
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power bring into broad split feature. The experimental ultra-narrow EIA
features using one laser combined with an AOM match well with simulated

spectra obtained by using generalized time-dependent optical Bloch

equations.
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