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Abstract

In coherent light-matter interaction, especially in the scenario of a common or shared

atomic level, the quantum interference between excitation pathways plays a crucial role.
The constructive or destructive quantum interference between the transition amplitudes
of excitation pathways can lead to remarkable modifications in the optical and dynam-
ical properties of atomic systems. One such phenomenon is electromagnetically-induced
transparency (EIT), resulting from the destructive quantum interference between exci-
tation pathways driven by two fields known as the probe and pump/coupling beams.
This leads to a strong suppression of probe absorption and substantial alteration of the
medium’s refractive index around resonance. In contrast, the another effect, known as
electromagnetically induced absorption (EIA) emerges from the constructive quantum
interference resulting in an enhancement of probe absorption under specific conditions.
These phenomena illustrate the complexity of light-matter interactions within multi-level
atomic systems and present opportunities for the manipulation of light propagation in
atomic media. Alkali atoms, in particularly Rubidium, serves as an ideal candidate for
the investigation of such phenomena due to its simple atomic structure, large oscillator
strength, and capacity to achieve high atomic densities even at room temperature. These
characteristics render them suitable for a wide range of applications in the classical as well
as quantum domain, e.g., in Doppler-free spectroscopy, four-wave mixing, laser frequency
stabilization, atomic clocks, cold atoms, slowing, delay and storage of light, and quantum

memories, etc.

This thesis provides an extensive theoretical and experimental investigation of Electro-
magnetically Induced Transparency (EIT) by employing a semi-classical approach to de-
scribe light-matter interactions. The thesis also investigates coherent population oscilla-
tion (CPO) and Electromagnetically Induced Absorption (EIA). The work investigates the
impact of atomic coherence, population dynamics, and laser parameters on the observed
spectral features through comprehensive modeling and experimental validation taking into

consideration the closed transitions of the Dy-line of 8"Rb vapor.

The chapters presented in the thesis investigate the impact of key beam parameters such
as beam diameter, intensity and polarization in addition to other factors such as cell

temperature and magnetic field on light matter interaction. We consider the interplay of



various relaxation mechanisms, such as Doppler broadening, spontaneous emission and
transit-time effects in a three level A system. Atomic properties such as width of trans-
mission profile, peak transmission and dispersive characteristics such as group delay are
well explored using Rubidium vapor. The dependence of transmission and dispersive char-
acteristics on applied magnetic fields plays a crucial role in applications such as vector
magnetometry. An observable decrement in the group delay and a corresponding in-
crement in the group velocity, indicating a transition from slow to fast light under the
application of the magnetic field in a simple—A system. The research further extends
to the double—A (tripod) system to illustrate the manipulation of optical characteristics
through beam polarization and ellipticity, revealing a transition from slow to fast light
propagation. Polarization-induced anisotropy in the atomic medium facilitates a tunable
control over this transition, influenced by magnetic field and beam ellipticity. Experi-
mental measurements are conducted utilizing Zeeman EIT and Zeeman EIA for various
polarization configurations of the probe and coupling beams, emphasizing the polarization
sensitivity of these phenomena. Zeeman EIT exhibits transmission windows originating
either solely due to EIT or from the combined effect of EIT and CPO (coherent popu-
lation oscillation), depending on beam polarizations. Interestingly, Zeeman EIA shows a
transformation from its typical absorption feature to transmission feature as a result of

AC Stark effects at high coupling beam intensities.

Ultimately, the experimental observation of slow light and the systematic measurement
of group delay as a function of coupling intensity confirm the feasibility of controlling the
propagation of light pulses within a coherently prepared atomic medium. These findings
highlight the potential of EIT and EIA-based schemes in Rubidium vapor for applications
in quantum information processing and optical storage, where precise control of delay,

advancement, and reshaping of light pulses is an important asset.



31N

T Treprer—uared 3icT:fha H, faeryens I R H ST8T a1 HshHUT Ueh HH ferdT HISTT URHTY]
TR A IS &, STOHT AT & e Icue FieH fdatl (quantum interference) 3T Hgeaqul
IfHeT (T 21 fafser Amt & Herdur TR o i B aTeT TS a1 faedsTeen eafciasor
URHTY] AT b epTeiTa T Tfiefiet Uil § IeRaT uiRaci Icus R HebdT &1 VT & Th U1
2 golgciifedel! SevEe SR (EIT), WY & &= —Te T2 ury / HufeiT-gRT IR SiorT
qrTt & S fJeasaete afdasor & HRUT Scu= BT &1 P URUTFRGRY Wid /@y # g
FH TAT IS & Fiehe JTETH & Ui § Fedyul IRTcH @1 A1dT 81 396 I,
oA HATChel SSIES Vewite (EIA) TS Ul & HRUT 30+ Bidl &, foraw a9
uRFRARTT H e e 7 gig uRetfard gkl §1 A THTa g-FRIg WA A1 H Heprer—uare]
37ct:feham Y SAfeere @1 ufd € oI WRHTY JedH § el YR &b R & folu Hecayu

HHTITT S PR 2
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Ig AMY-TGY FelacrHuChel sSUFs ST (EIT) & & dgifde ai TR S1eaae o
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on hyperfine transitions 55,5 to 5P, corresponding to the Do-line of
8TRb at 384.234 THz. The probe beam (2,) is polarized linearly (0*) and
orthogonal to the magnetic field, whereas the strong coupling beam (£2.)
is polarized linearly (7) along the magnetic field’s direction. The magnetic
field induces an energy shift denoted as Ag. (b) Demonstrates the temporal
variation of the atomic population distribution in Zeeman magnetic sub-
levels, with a coupling intensity (I.) of 25 W/m? probe intensity (I,) of
0.01 W/m? and beam diameter of d, = d. = d = 1 cm for degenerate
case. (c¢) Examines the impact of coupling intensity on EIT width and
peak transmission at zero magnetic field (degenerate energy levels) and (d)
represents the variation of transmission with Raman detuning 6, = A, —A,
corresponding to three distinct values of coupling intensity. . . . . . . . ..
(a) The figure illustrates the orientation of the magnetic field relative to
the H-polarized probe and V-polarized coupling beam within the tripod
configuration. (b) Potential experimental approach for implementing EIT
and the transition from slow to fast light in a double—A system. . . . . . .
(a) Variation of transmission and (b) dispersion with magnetic field. . . . .
(a) Variation of -1 (solid-black curve) and group delay (solid-red curve)
with coupling intensity at B=0; (b) at B=0.1 G; and (c¢) with magnetic
field varying between -1 G and 1 G, considering d,, = 1.0 cm at room tem-
perature, coupling intensity I, = 25W/m?, and constant probe intensity
L=001W/m? . . . ...
(a) The variation of transmission with Raman detuning for the degenerate
case (B=0), (b) for B=0.5 G corresponding to four distinct values of the
QWP angle () that introduce ellipticity. A solid black curve, a dotted-
red curve, a dash-dotted-blue curve, and a dashed green curve represent
the transmission for § = 0, 7/4,7/2, 7, respectively. Similarly, (c¢) and (d)
depict the dispersion curves for four values of 6 corresponding to a beam
with a diameter of 1 cm, at a fixed coupling intensity of I, = 25W/m? and
a probe intensity of [, = 0.01W/m?. . . . ... ... ... ... ... ...
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(a) Variation of the polarization rotation angle (PRA) with probe ellipticity
for B = 0.5 G. (b) Depicts the change in polarization rotation as a func-
tion of magnetic field for four distinct ellipticity values, considering a cell
length of d, = 1.0 cm at room temperature (T = 300 K), with a coupling
intensity 7. = 25W/m? and a constant probe intensity I, = 0.01W/m?
(c) Hlustrates the variation of = — 1 with probe ellipticity for different

magnetic field strengths. . . . . . . .. ... o oL

The experimental setup includes a schematic comprising of two indepen-
dent tunable diode laser sources operating at resonance. BE: beam ex-
pander (a set of lenses), A/2 : half-wave plate, A/4 : quarter-wave plate,
PBS: polarizing beam splitter, M: reflecting mirrors, a Rb vapor cell con-

necting with a temperature controller (T (K)), D: photo detector. . . . . .

(a) The energy-level scheme for the Dy line transition (780.241 nm) con-
sidering ®"Rb involving the ground hyperfine level F, = 1 and excited
hyperfine level F, = 0. Orthogonally linearly polarized (H and V) coupling
(dashed-red lines) and probe (dashed-blue lines) beams, considered as a
combination of o* —polarizations, can excite a closed double—A system for
Zeeman EIT. (b) represents the induced transparency with Raman detun-
ing for various coupling powers corresponding to a fixed probe power of
50 uW. (c) Experimental transparency linewidth (black square LP data
points) displayed as a function of coupling beam intensity, together with a
weighted linear fit (weight=1/0?). Fit results is an intercept= 1.62+0.05

MHz, slope=(1.840.3)x1072 MHZ.m?/W and R*= 0.87. . . . . ... ...

(a) The energy-level scheme for 8Rb D, line having transition wavelength
of 780.241 nm, consisting the closed hyperfine transition Fy = 1: F, = 0
and excited by orthogonally circularly polarized probe (¢7) and coupling
beams (07). (b) The transmission peak with Raman detuning for vari-
ous coupling powers (/. x p./A m;?/ ;) and for constant probe power
pp = 50uW for a beam diameter of d, = d. = d = 3.5 mm; d, . =d is the
probe and coupling beam diameters and both are same for all calculations.
(¢) The variation of the EIT width and (d) peak transmission as a function
of coupling intensity (I, oc Q) for different beam diameters of d = 3.5 mm
(black), d=1.7 mm (red) and d=0.85 mm (blue), plotted in logarithmic
scale for both axes (inset shows the corresponding plots in actual scale).
The solid lines represent the theoretical fit, while the symbols show exper-
imental data at T=300 K. The fitted slope, intercept, and R? values for
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(a) The variation of transmission with Raman detuning corresponding to
various cell temperatures. (b) variation of peak transmission and (c¢) EIT
width with cell temperature for a constant coupling power of 1 mW, probe
power of 50 W and for a beam diameter of 3.5 mm. Solid curve repre-
sents the theoretical calculation, while the data points corresponds to the
experimental observation. Both experimental and theoretical predictions
remains nearly constant within measured temperature range that can be
depicts by the goodness-of-fit parameter (reduced—x? = 0.37). . . . . . ..
(a) The energy level structure of 3'Rb with a hyperfine transition F, = 2 :
F. = 3. (b) the reduced N-type system characterized by mg, = 0, +2 and
mp, = +1,+3, induced by a strong o coupling beam that drives optical
pumping. (c¢) Temporal evolution of the atomic population in the N-type
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(a) Variation of EIA features with coupling intensity for a fixed probe
intensity (I, = 5W/m? = B, = 20uW) corresponding to a beam diame-
ter of 3.5 mm at room temperature. The data is plotted for varying the
coupling power from 0.1 mW to 1.0 mW. (b) represents the variation of
ETA width with coupling intensity and shows the theoretical calculations
(solid-line) matches well with experimental observation (data points). Ex-
perimental data (points) with weighted linear fit (weight=1/0?). Fit re-
sults: intercept= 1.224+0.03 MHz, slope= (1.97+0.2)x107* MHz/W /m?,

(a) The energy level scheme for Dy-line of 8"Rb considering the linearly
polarized probe and coupling beams. (b) The transmission spectra for
linearly polarized case is plotted with Raman detuning for a fixed probe
power of 20uW corresponding to various values of coupling power varying

from 0.1 mW to 1 mW at room temperature for a beam diameter of 3.5 mm.139

The transmission is plotted for two cases: solid-black curve represents the
transmission for linearly polarized beams (LP) while solid-red curve cor-
responds to the circularly polarized beams (CP). The coupling and probe
power kept fixed at p. = 2 mW and p, = 20u¢W for a beam diameter of 3.5

The experimental setup consists two diode lasers ECDL, combination of
HWP and PBS, Rb cell, QWP’s, function generator (FG) and oscilloscope.
(a) Experimentally measured probe pulse delay at various coupling powers
with a reference probe pulse (shown in black) and (b) variation of group
delay with coupling intensity (experimental data) for a constant probe
power p, = 3uW and for a beam diameter of 3.5 mm at room temperature.
All pulse traces were directly recorded on a digital oscilloscope during the
experiment. . . . ... Lo
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Abbreviations

NIR Near-infrared

EM Electromagnatic

FWHM Full Width Half Maximum

SAS Saturated Absorption Spectroscopy

PS Polariztion Spectroscopy

EIT Electromagnetically Induced Transparency
EIA Electromagnetically Induced Absorption

ECDL  External Cavity Diode Laser
HWP Half Wave Plate

QWP Quarter Wave Plate

PBS Polarizing Beam Splitter

PD Photo-Diode

CCD Charge-Coupled Device
BS Beam-Splitter

ND Neutral Density

FG Function Generator

SMF Single-Mode Fiber

PMF Polarization-Maintaining Fiber

AOM Acousto-Optic Modulator

EOM Electro-Optic Modulator

DAVLL Dichroic Atomic Vapor Laser Locking
PDH Pound-Drever-Hall

GUI Graphical User Interface

PID Proportional-Integral-Derivative Analysis
PZT Piezo-Electric Transducer



Symbols

c speed of light in vacuum
r spontaneous emission
Iy transit decay rate

p density matrix

Q rabi frequency

N atomic number density

X susceptibility

0, A detunings

Q absorption

Wp  doppler full width half maxima
Tq group delay

Vg group velocity
k wave vector in free space
w angular frequency

Wij angular frequency separation between ground and excited state ¢, and j

A wavelength

h reduced Planck’s constant
[ orbital angular momentum in units of 27h
F hyperfine quantum number

mp  hyperfine magnetic quantum number





