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Abstract

Study on mechanisms of coherent control of electromagnetically
induced absorption and transparency depending on neighboring
hyperfine lines, multiphoton mixings, and polarizations in
coupling-probe experiment using D2 lines of Rb atoms.

Zeeshan Ali Safdar Jadoon
Advisor: Prof. Jin-Tae Kim
Department of Photonic Engineering

Graduate School of Chosun University

This thesis studies the coherent response of a degenerate two-level atomic
system (DTLS). Specifically, we focus on electromagnetically induced absorp-
tion (EIA) and electromagnetically induced transparency (EIT) resonances with
sub-natural linewidth associated with the coherent interaction of coupling and
probe light fields in a coupling-probe spectroscopy configuration. The main re-
sults concern the experimental measurement and theoretical absorption calcula-
tion of rubidium (Rb) D2 transition lines confined in an atomic vapor cell at room
temperature (20°C).

First, we present experimental and theoretical verification of the higher-order
multiphoton oscillation frequency mixing dependence on the choice of quantum
axis selected as the propagation direction of co-propagating coupling and probe
laser beams and coupling powers. We confirm distinct spectral differences be-
tween 3PI and 5PI calculations due to variations in the magnetic field and cou-

pling power compared to the experiment.
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Second, we show that in unresolved atomic systems such as 85.87Rp, neigh-
boring hyperfine states play an inevitable role in enhancement or reduction of the
coherent effects due to Doppler broadening, which causes the transition between
EIA and EIT. We observe the EIA phenomenon in the open DTLS with the weak
coupling power for the first time. In addition, we confirm that the observed ab-
sorption spectra at the open DTLS with the intense coupling beam are not the
actual EIA but are an effect of the high power. Optical Bloch equations (OBE) in
the challenging case of 83 Rb D2 transition lines that involve the Doppler broaden-
ing effects are solved with and without considering neighboring hyperfine states
near the DTLS.

Third, we demonstrate theoretical and experimental verification of a simple
method to coherently control the EIA and EIT resonances in unresolved 88Rb
atomic systems by controlling the polarization of coupling and probe laser fields
in coupling-probe spectroscopy configuration. Observed EIAs at both closed and
open transitions of 8’Rb and 83Rb D2 lines atomic systems can transform to EITs
and vice versa by controlling the polarization of coupling and probe beams in the
low coupling-probe power regime. The transformations are determined to be the
effect of neighboring hyperfine levels by comparing the measured and theoreti-
cally calculated spectra considering Doppler broadening effects due to neighbor-
ing hyperfine states in OBEs.

Single external cavity diode laser combined with two acousto-optic modula-
tors produces the experiments’ coupling and probe laser beams. Hence, the scan-
ning resolution of AOM determines the spectral resolution of the coherent EIA
and EIT spectra, which gives an accurate match between the theory and experi-

ment.

Index Terms: DTLS, EIA, EIT, D2 lines, rubidium atoms, coupling-probe
spectroscopy, Doppler broadening
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Chapter 1
Introduction

Coherent light-matter interaction is of great interest to the scientific community
across a wide range of disciplines. On the atomic scale, quantum coherence be-
tween the coupled atomic states continues to be the focus of substantial research
due to the variety of novel properties they exhibit. These resonant atomic systems
are well known to modify the absorption and dispersion of light field propaga-
tion, which have been shown to manifest exciting phenomena such as electro-
magnetically induced absorption (EIA) [1, 2] and electromagnetically induced
transparency (EIT) [3, 4]. Even though many studies devoted to the EIA and EIT
resonances in a coherent atomic media enormously advanced our understanding,
a clear quantitative understanding of the phenomena was not revealed through
systematic experimental or theoretical studies considering a broad range of phys-
ical factors. For example, theoretically predicted sign(type) of coherent EIA or
EIT resonance was successfully observed experimentally in several investiga-
tions. However, in many other cases, experimental spectra revealed the different
sign of EIA or EIT resonance that was subsequently explained theoretically.

Moreover, qualitative theoretical predictions adopted by different researchers
differed significantly. Thus, the origins of EIA and EIT resonances and mecha-
nisms to coherently control these resonances in realistic atomic systems remain
still unclear. Understanding these phenomena requires detailed studies where ex-
perimental measurements can be compared to the theoretical calculations based
on realistic test systems.

This thesis presents a systematic approach to address such questions. The
main results concern the experimental study on D2 lines of 3°Rb and 3'Rb atoms
confined in a reference vapor cell at room temperature (20°C). Coupling-probe
spectroscopy configuration is utilized to probe essential spectroscopic features.
Physical observables such as probe absorption, three-photon interaction (3PI),
five-photon interaction (5PI), Doppler broadening, and effects due to neighboring
hyperfine states are studied theoretically as a function of physical parameters

such as external magnetic field, coupling and probe power ratio, polarization, and
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atomic level characteristics to obtain the coherent control of these resonances in

the realistic test systems.

1.1 Motivation

Both EIA and EIT are sub-natural width resonances that can alter the response of
resonant absorption in amplitude and phase to produce large dispersion, which at-
tracts great attention for applications in lasing without inversion [5], high-resolution
spectroscopy [6], precision magnetometry [7-9], enhancement of refractive in-
dex [10], optical modulation [11], slow and fast light generation [12], optical
switching [13], and quantum information science [14—19]. EIA can be invoked by
constructive quantum interference of multiple excitation pathways in a resonant
atomic media, while EIT results from destructive quantum interference between
different excitation pathways in a resonant atomic media.

In order to exploit EIA or EIT resonances in a realistic atomic system, co-
herence between atomic states is often created using two laser fields and their
relative frequencies with a strong coupling and weak probe in a coupling-probe
configuration. Where ultra-narrow features at the line center of the probe absorp-
tion spectra are characterized by a sharp dip (EIA) or a peak (EIT) when coupling
and probe fields have equal frequencies. These resonances can also be observed
in a Hanle configuration where two orthogonal circular polarization components
of a single linearly polarized laser field are subjected to the applied magnetic field
along the wave vector, creating level-crossing resonances by shifting the energies
of the degenerate magnetic sublevels of a ground state.

One of the primary methods to study the response of the atomic media, which
1n most experiments is an atomic vapor, is to measure the probe absorption spectra
in the weak limit of the probe field. Therefore, an experiment using a coupling-
probe configuration instead of Hanle type experimental configuration is more
suitable because the power ratios between coupling and probe fields can be ob-
tained in addition to a wide scanning frequency range. Furthermore, the cou-

pling and probe fields generated using a single laser source combined with two
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acoustic-optic modulators can limit the decoherence rate because of transit time
relaxation between the ground state Zeeman sublevels.

Usually, DTLS are theoretically considered to explain EIA and EIT reso-
nances because DTLS can provide the possibility to analyze different level schemes
(A, 'V, and N) by appropriate choice of angular momenta of atomic levels and the
polarization of coupling and probe fields. The choice of quantum axis selection
rule remains arbitrary in the case of orthogonal linear polarizations of coupling
and probe fields. Either the coupling or probe field can be employed parallel to
the direction of a quantum axis. However, the quantum axis selection rule is well
defined by applying an external magnetic field in a longitudinal direction result-
ing in the mixture of left and right circular polarization components of initially
orthogonal linear polarizations of coupling and probe fields, both exciting the
same hyperfine magnetic sublevels.

Due to coherent multiphoton interactions between coupling and probe fields
acting on the same hyperfine magnetic sublevels, different oscillation frequency
mixings effects can be observed. However, coherent multiphoton interactions
greater than three-photon interactions (3PIs) between coupling and probe fields
acting on the same hyperfine magnetic sublevels are not considered to date. Nev-
ertheless, precise coherent spectra due to the contribution of higher-order multi-
photon interactions at high-intensity coupling and probe fields acting on the same
hyperfine transitions motivate to investigate the coherent multiphoton oscillations
greater than 3PIs. Further, selecting the quantum axis in the direction of an ap-
plied longitudinal magnetic field simplifies the OBEs calculation.

Additional motivation arises to investigate mechanisms of transformation be-
tween EIA and EIT resonances that are still unclear. Although theoretical calcu-
lations based on a pure DTLS have proven to model many experimental results
accurately, pure DTLS are seldom found in real atomic systems. Specifically,
in the case of ®Rb and ®’Rb atomic systems, the separation between individ-
ual hyperfine F levels is shorter than the Doppler width; hence these systems are
unresolved under the Doppler broadening effects.

Solving the OBEs by considering the Doppler broadening effects, includ-
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ing all neighboring hyperfine levels, has proven to be particularly challenging.
Therefore, it is worth studying the Doppler broadening effects at hyperfine D2
transitions of 8°Rb and 3’Rb atoms by including all neighboring hyperfine levels
near the resonant DTLS considering the transition openness, variation of coupling
and probe power ratios, and polarization configurations. Subsequently, the trans-
formation between EIA and EIT resonances considering atomic-level schemes,
coupling-probe power ratios, and polarization configuration should be studied to

obtain coherent control of these resonances in real atomic systems.

1.2 Organization of the thesis

The remaining thesis is organized as follows:

1) Chapter 2 presents an overview of the related published work. Main re-

search questions and research objectives are presented systematically.

ii) Chapter 3 covers the basic theoretical model for idealized two-level, three-
level, and four-level atomic systems, which forms the basis for theoretical

models expanded in the later chapters to cover the additional complexities.

iii) Chapter 4 explores the higher-order multi-photon frequency mixing ef-
fects on the coherent EIA spectra. Detail overview of the experimental and

theoretical results is presented.

iv) Chapter 5 extends the DTLS by including additional neighboring hyper-
fine states. The analysis compares a pure DTLS and all neighboring states

near the DTLS with the experimental measurements.

v) Chapter 6 aims to address the role of neighboring hyperfine states to con-
trol the EIA and EIT resonances. Polarization configurations of the cou-
pling and probe fields are analyzed to control the sign of the resonances

effectively.
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vi) Chapter 7 highlights conclusions and briefly describes the limitations of

this research work and future directions.

1.3 Publications Arising from these Works

1. Z. A. S. Jadoon, H.-R. Noh, and J. T. Kim, Multiphoton nonlinear fre-
quency mixing effects on the coherent electromagnetically induced absorp-

tion spectra of 3°Rb atoms under a longitudinal magnetic field: Theory and
experiment, Phys. Rev A 102, 063714 (2020).

2. Z. A. S. Jadoon, H.-R. Noh, and J. T. Kim, (Accepted) Scientific Reports
(2021).

3. Z.A.S.Jadoon, Aisar-ul Hassan, H.-R. Noh, and J. T. Kim, To be submitted
in Optics Express Journal (2021).
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Chapter 2
Literature Review

2.1 Overview

This chapter presents a systematic review of the subjects of this thesis in chrono-
logical order to establish a reasonable perspective of the coherent EIT and EIA
phenomena in the existing literature. It provides an overview of theoretical and
experimental developments and understanding of underlying physics for various
manifestations. These include the effects of multiphoton interactions on the res-
onant EIA spectra, polarization configuration and power ratio between coupling
and probe light fields, and the effect of an external magnetic field. Additionally,
we highlight the role of neighboring hyperfine levels in the context of Doppler
broadening and atomic level characteristics to control the transition between EIA

and EIT resonances coherently.

2.2 Multiphoton Oscillation Frequency Mixing

In coupling-probe spectroscopy, the contribution of multiphoton nonlinear fre-
quency mixing effects between coupling and probe laser fields are crucial in cal-
culating coherent spectral profiles accurately [1, 20-37]. Furthermore, different
oscillation frequency mixings effects can be observed due to coherent multipho-
ton interactions between coupling and probe fields acting on the same hyper-
fine magnetic sublevels. However, coherent multiphoton interactions greater than
three-photon interactions (3PIs) between coupling and probe fields acting on the
same hyperfine magnetic sublevels are not considered to date.

Coherent spectra from coupling-probe spectroscopy up to 3PIs resulting from
four-wave mixing have been investigated extensively utilizing optical density ma-
trix elements in a degenerate two-level system (DTLS) [1, 25-37]. In a simple
two-level system with hyperfine or Zeeman reservoir states, ultranarrow anti-
holes are explained through inelastic collisions and 3PIs in coupling-probe spec-

troscopy [23]. Subsequently, 3PIs have been investigated theoretically in DTLS
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to explain the transfer of coherence (TOC) and populations resulting in EIA res-
onance [26, 27]. Similarly, coherent ultranarrow EIA spectra using a single laser
with two acousto-optic modulators (AOMs) have been reported without theoreti-
cal analysis. To clarify the observed spectra in [1], 3PIs are utilized to investigate
the dependence of polarization of optical fields, coupling-probe power, and mag-
netic field on the coherent spectra in DTLS [25]. In the case of the weak probe
beam Rabi frequency of the probe beam is treated to first-order [1, 25-35].

However, in the case of strong coupling and probe laser fields, few works
have been reported considering multiphoton interactions more than 3PIs [36, 37],
where each optical density matrix element can be expanded by Fourier series
taken to all orders in DTLS. Higher-order photon interactions given by aj,,
=F, + F, in Zeeman coherences with a single frequency in Table I in Ref. [36]
for different transitions of magnetic sublevels between an intense o' -polarized
control beam and a probe beam with either 6~ or 7 polarization with comparable
intensity to the coupling beam is considered. However, authors in [36] could not
observe higher-order nonlinear frequency mixings effects such as five-photon in-
teractions (5PIs) with only a single oscillating frequency at higher coupling-probe
intensities because both the coupling and probe beams act on different hyperfine
transitions instead of the same hyperfine transitions. Authors in Ref. [37] fol-
low similar mathematical formulation given by Eqgs. (4)-(8) as in Ref. [36] Egs.
(12)-(16) representing optical Bloch equations (OBEs).

The choice of quantum axis selection rule remains arbitrary in the case of or-
thogonal linear polarizations of coupling and probe fields. One can employ either
the coupling or probe field parallel to the direction of a quantum axis. However,
the quantum axis selection rule is well defined by applying an external magnetic
field in a longitudinal direction resulting in the mixture of left and right circular
polarization components of initially orthogonal linear polarizations of coupling
and probe fields, both exciting the same hyperfine magnetic sublevels. Selecting
the appropriate quantum axis [22, 32, 36, 38] as the polarization direction of the
coupling or probe beam, or in the case of weak coupling beams, 3PIs can be

applied to solve OBEs.
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Selecting the appropriate quantum axis avoids complex calculations, and ex-
perimental spectra with 3PI can be interpreted intuitively in a coupling-probe ex-
periment. 3PIs in a DTLS without an external magnetic field have been reported
by Chen et al. [22]. Rehman et al. [28] observed ultranarrow EIA spectral features
owing to population and coherence transfer for the parallel and orthogonal linear
polarization configurations utilizing 3PIs, investigated without phenomenologi-
cal constants and an external magnetic field with the appropriate quantum axis as
the polarization direction of the coupling beam.

In addition to intense coupling power in DTLS, external magnetic fields ren-
der the calculation of coupling-probe coherent spectra with more than 3PI even
more complicated. Therefore, it is convenient to select the quantum axis as the
direction of an external longitudinal magnetic field (LMF) as OBEs calculation
can be simplified considering symmetric off-diagonal density matrix elements.
Previously both transverse and longitudinal magnetic fields were simultaneously
applied [24, 38, 39], only transverse [40—43], and only longitudinal magnetic
fields were applied to the propagation direction of the co-propagating coupling,
and probe lasers [20, 31, 35, 44, 45].

Transverse magnetic field effects in the DTLS have been theoretically inves-
tigated by Margalit et al. [24]. The authors in Ref. [24] could not realize the
higher-order multiphoton frequency mixing effects due to SPI but realized 3PI
effects for the TOC in EIA. They could not realize any difference utilizing 3PIs
in OBEs as adopted in their reference (Ref. [35]) even after setting the quantiza-
tion axis in an arbitrary direction. Similarly, the authors in Ref. [35] realized 3PI
effects for the TOC in EIA and could not realize the higher-order multiphoton
frequency mixing effects such as SPI.

In the cases mentioned above, no clear theoretical explanation exists for co-
herent spectra involving strong coupling powers with 5PIs resulting from six-

wave mixing between coupling and probe frequencies.
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2.3 Role of Neighboring Hyperfine States

Interest in the coherent phenomenon intensified in the 1990s with the prediction
and observation of EIA and EIT resonances [1, 3, 4]. Since the initial reports
on EIA and EIT, numerous studies have been conducted on the transitions be-
tween EITs and EIAs and the mechanisms of the transitions due to quantum co-
herence and interference between coupled atomic states both in coupling-probe
and Hanle-type experiments [26, 46—60]. However, the mechanisms of transitions
between EIAs and EITs depending on powers, polarization configurations of cou-
pling and probe beams, the openness of the transitions, and neighboring effects
with Doppler broadening are still unclear [26, 46—-60].

The mechanisms of EIA transitions from EITs depending on coupling and
probe powers in the case of the F, = F; — 1 open system of the 85Rb D2 line have
not been elucidated, and such EIAs at weak coupling and probe powers have not
been observed to date.

Three necessary EIA conditions for EIAs by Lezama [2] for a degenerate
two-level system (DTLS) were established based on first investigations of EIA
resonance [1] using coupling and probe lasers: (i) the ground state must be de-
generate; (ii) F, = F, + 1; (iii) the F, — F, transition must be closed. However,
contributions to absorption or transmission coherence strength from neighboring
states embedded in Doppler broadening profiles, power ratios between the cou-
pling and probe beams, polarization configurations, the openness of the excited
state were not considered.

There are many reports on transition between EITs and EIAs [26, 4648, 50—
58, 60] and between EIAs and EITs [49, 51, 52, 59] which are observed and
calculated in partially resolved [26, 46—48, 50-53, 55-58, 60, 61] or completely
unresolved [59][Our new Ref.] alkali-metal atomic systems.

The transformations between EITs to EIAs, which result from intense cou-
pling and probe powers above saturation limit, are barely enhanced absorptions,
observed and calculated by several groups [26, 46, 47, 50, 53-55, 57]. Authors in
the Refs. [46, 47] observed EIAs at F, — F, = Fy + 1 open transitions of D1 lines
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of 85Rb and 87Rb atoms for the first time in Hanle experimental configuration.
Goren et al. [26] explained such EIAs as a result of a high degree of openness
associated with higher excited state degeneracy at F, = F, + 1 open transitions
that lead to the transfer of population (TOP) and hence the TOC resulting in EIA.
However, Kim et al. [50] observed EIAs at all open transitions of D1 lines of
85Rb and 87Rb atoms in the Hanle experiment at intense coupling and probe
powers violating genuine theoretical EIA conditions [2].

These anomalous EIAs are attributed to intense laser power interpreted with
the perturbative treatment of probe calculated quantitatively with a crude theoret-
ical model [53]. Similar transformations observed at open F; =4 — F, = 3 and
4 transitions of D2 lines of Cs in coupling-probe experimental configuration with
an additional third laser [55] are attributed to intense coupling powers wherein
they referred to Goren et al. [26] theoretical analysis [2].

Artificial shifting of the laser field frequency from the center of Doppler
broadened spectra to escape the contributions of neighboring level transitions in
the intense power regime is also analyzed by several groups [54, 57, 60]. For ex-
ample, the transition of EIA and EIT is observed by artificially shifting the laser
field frequency from the center of Doppler broadened spectra towards the blue
end (towards the red end) at D1 and D2 lines of ¥Rb and 3’Rb atoms both in
Hanle and coupling-probe experimental configurations [54]. Similarly, EIA res-
onances observed at F; — F, = F, + 1 open transitions of D1 lines of 3°Rb and
87Rb atoms with intense coupling and probe laser fields were artificially blue-
shifted in frequency from the center of the Doppler broadened spectra to escape
the neighboring level transition [57]. However, they could not realize such EIAs
in the fluorescence spectra utilizing extremely thin cell [58].

Grewal et al. [60] reported on the influence of closed neighboring hyperfine
levels with dominant EIA features owing to the increased ellipticities of the po-
larizations of coupling and probe lasers at the F, < F;, open transitions of D2 lines
of 8’Rb in the case of the Hanle configuration. However, they could not theoret-
ically explain the absorption profiles because of the computational complexities

involved when considering the Doppler effect. Furthermore, performing calcu-
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lations of the absorption profiles for D2 transitions of °Rb has been proven to
be a particularly challenging task because of neighboring effects due to Doppler
profiles, wherein the total absorption of D2 transition lines with the inclusion of
the Doppler effect should be calculated with the inclusion of all hyperfine levels
of the ground and excited states.

2.4 Transition between EIA and EIT resonances

Polarization configurations of coupling and probe laser fields can modify the op-
tical response of the atomic system, affecting coherent profiles of absorption and
transparency, which results in EIA [1, 2, 25] or EIT [3, 4, 62]. Thus, the excitation
pathways connected between the magnetic sublevels due to polarization configu-
rations of the two fields control the optical response of the atomic system, which
has important applications in the quantum information process. However, the role
of neighboring states to control EIT/EIA resonances concerning the polarization
of coupling and probe fields at D2 lines of 33 Rb and 8’Rb atomic systems that are
unresolved under Doppler broadening remains theoretically unexplained to date.

Although various techniques developed utilizing Hanle [53, 54, 57, 59-61,
63—-65], Bi-Hanle [51, 66—70] and coupling-Probe configurations [40, 42, 50,
54, 71, 72] have been studied to control the transformation between EIA and
EIT resonances. Several previous studies are performed without invoking the
inevitable neighboring state effects in real atomic systems both in Hanle and
coupling-probe configurations [40, 42, 50, 51, 53, 64, 66-72]. Where different
laser field configurations and physical factors have been studied for mechanisms
of EIA/EIT and their transformations, such as exciting an adjacent transition
in V-type [67] or A-type excitation schemes [40, 42, 51, 69], copropagating
[40, 42, 66, 68, 70, 72] and counterpropagating configurations of the laser fields
[51, 67, 69, 72], due to external magnetic field [40, 42, 64], the intensity of laser
field/s [50, 53, 57, 59, 67, 68, 71], spatially separated laser fields [66, 67, 70], and
ellipticities of the laser field/s [40, 42, 51, 64-70, 72].

The influence of neighboring states has also been previously studied to control

11
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the EIA/EIT transformations [54, 59-61, 63][Our new Ref.]. However, the pre-
vious studies are limited to broad laser linewidth [61], pure degenerate two-level
systems (DTLS) [63], intense laser field [59], artificial detuning [54, 57, 60], ex-
cluding Doppler broadening effects [60], and considering only single-polarization
cases [54, 59, 61][ Our new Ref]. Thus qualitatively explain the observed spectra;
however, lack in clear quantitative theoretical explanation for effective control of
EIA/EIT transformation by considering all neighboring hyperfine levels with the
inclusion of Doppler broadening effects concerning different polarization cases
for both 8’Rb and 3Rb D2 lines.

Influence of closed F; =3 — F, = 2 and Fy, = 4 — F, = 5 hyperfine D2 tran-
sition of Cs are observed in Hanle configuration considering linear and circular
orthogonal polarizations both in low and high laser power regime [61]. A mul-
tilevel theoretical model considering Doppler broadening effects and broad laser
linewidth predicts the transformation of EIA into EIT and EITs into EIAs due
to the neighboring closed Fy =3 — F, =2 and F, = 4 — F, = 5 hyperfine tran-
sitions, respectively. However, the transformation between the resonances as a
function of polarization was not observed and calculated.

Ram et al. [63] studied the ellipticity effects on EIA(EIT) resonances at F, =
2—F,=3and F; =1 — F, =2 of D2 line of 87Rb in Hanle experiment both
with longitudinal and transverse magnetic field scans. Influence of the nearby
closed F; = 1 — F, = 0 hyperfine level transition on the open Fy =1 — F, =2
transition is theoretically analyzed by comparing pure DTLSs calculations. They
also reported transformation of EIA into EIT at a high intensity of coupling field
with circular orthogonal polarizations of coupling and probe beams as a function
of transverse magnetic field scan in Hanle experiment [68]. Shift in atomic pop-
ulation due to coupling and probe cycles associated with the different Zeeman
sublevels in a degenerate two-level system (DTLS) is attributed to explain such
EIT peak at the center of the spectra. Closed transitions of 3Rb and 3’Rb D2
lines were also investigated as a function of high laser power and temperature
of the atomic vapor cell in Hanle configuration to show the transformation from
ElAs to EITs [59].

12
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Grewal et al. [60] also observed the transformation from EITs to EIAs at
F, =2 — F, =1 and 2 open transitions by changing ellipticity of intense light
field considering transverse and longitudinal magnetic field scanning in the Hanle
configuration. However, they could not calculate the influence of F; =2 — F, =3
closed transition by considering the Doppler effect due to computational com-

plexity.

2.5 Outlook

Even though many studies devoted to the EIA and EIT resonances in a coherent
atomic media enormously advanced our understanding, however, clear quantita-
tive understanding of the phenomena was not revealed through systematic ex-
perimental or theoretical studies considering a broad range of physical factors.
For example, theoretically predicted sign of coherent EIA or EIT resonance was
successfully observed experimentally in many investigations. However, in many
other cases, experimental spectra revealed the different sign of (EIA or EIT) res-
onance that was subsequently explained theoretically. Moreover, qualitative the-
oretical predictions adopted by different researchers differed significantly. Thus,
the origins of EIA and EIT resonances and mechanisms to coherently control
these resonances in real atomic systems remain still unclear. Understanding these
phenomena requires detailed studies comparing experimental measurements to
theoretical calculations based on realistic test systems. This thesis presents a sys-
tematic approach to address such questions. The main results concern the exper-
imental study on D2 lines of °Rb and 3"Rb atoms confined in a reference vapor
cell at room temperature (20°C). We utilize coupling-probe spectroscopy config-
uration to probe the essential spectroscopic features. Physical observables such
as probe absorption, 3PI, SPI, Doppler broadening, and effects due to neighbor-
ing hyperfine states are studied theoretically as a function of physical parameters
such as external magnetic field, coupling and probe power ratio, polarization, and
atomic level characteristics to obtain the coherent control of these resonances in

the realistic test systems.

13
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Chapter 3
Fundamental Theoretical Model

3.1 Overview

This chapter introduces a fundamental theoretical model for atom-light inter-
actions that forms the basis of the rest of this work. We will introduce physi-
cal principles of atom-light dynamics with application to a basic atomic level
schemes. The development of this model by atomic and molecular physics groups
at Chosun University and Chonnam National University over the recent years has
led to numerous research works [21, 28, 32, 33, 73], and this chapter presents a
summary of those. We will expand this model in Chap. 4 to cover the additional
complexities of degeneracy and higher-order frequency mixing. Further in Chap.
5, we will include neighboring hyperfine lines near the DTLS. Hence, it is essen-
tial to understand the underlying theory of the fundamental atomic level scheme

models.

3.2 Two-Level Atomic System

Here we will discuss the atomic system with only two levels, which is the simplest
atomic scheme. This case is of great importance because many complex systems
can be approximated as two-level systems. In laser and atomic spectroscopy, one
of the most fundamental problems is probe beam modification by a coexisting
intense coupling beam traversing in an atomic medium [74]. When the coupling
and probe beams propagate in the opposite directions, the spectrum obtained us-
ing saturated absorption spectroscopy (SAS) directly relates to the imaginary part
of the susceptibility. In contrast, modification of the group index is related to the
gradient of the real part. SAS (or absorption spectroscopy with bi-frequency)
yielding the imaginary part of the susceptibility is the simplest coupling—probe
laser spectroscopy that can provide sub-Doppler resolution in a Doppler broad-
ened atomic vapor cell. Thus, we will focus mainly on the imaginary part of

susceptibility.
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A typical two-level scheme for a two-level atomic system is shown in Fig.
3.1. The ground |g) and excited states |e) are coupled by counterpropagating
coupling and probe beams. Where Q. (£2,,) are Rabi frequencies and @ (®),) are
optical frequency of coupling (probe) fields, respectively. The atomic resonance
frequency is given as @y, the spontaneous decay rate of the excited state is I', we
assume cycling transition, so there is no decay out of ground state. The decay
rate of the first excited state in the case of Rb is I' ~ 27 x 6 MHz. The decay rate
of optical coherence is defined as 7, in the absence of collisional dephasing that
is % = I'/2. Optical frequencies in the rest frame of an atom with velocity v are,
o, = 0+ kv and @, = 0 — kv, where k(=27 /1) is the wave vector A (~ 780nm)

is the wavelength and ® is the laser frequency.

i A

) 8-p oc
ISR Nl
r

®
Qp Qc
| g> Y

Figure 3.1: Schematic energy-level diagram of the two-level atomic system. The ground |g) and
excited states |e) are coupled by counterpropagating coupling and probe beams with angular
frequencies @, and ®,, and Rabi frequencies Q. and Q,, respectively. The detuning of coupling
(probe) beam is ,(,) = @(,) — @p- Spontaneous decay of the excited state is I".

The interaction between a two-level system and two optical fields, as shown
in Fig. 3.1, is given by
H = Hy+H,, (3.2.1)
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where H is the bare atomic Hamiltonian of the system given by

0
Ho=n| @ . (3.22)

0 O
The Hamiltonian in the dipole approximation due to optical fields is given as
H; = —[l.¢g, (3.2.3)

where dipole operator [I = e only has off-diagonal elements, the diagonal terms
are (1| ft|1) = (2| f1|2) = 0 due to the parity of states. The electromagnetic field,

€, for the monochromatic light field can be expressed as
€ = égycos(mpt) = é%(e”a’l’ e i), (3.2.4)

where é describes the polarization of the light field. For simplicity, we assume the
dipole moment is aligned with the light field, then the components of interaction

Hamiltonian considering both probe and coupling fields can be expressed as
H,, = H;e _ dgeTSo[(e—itwp _'_eizmp) + (e—im)(, —i—ei[“"‘)]. (3.2.5)

The interaction Hamiltonian can therefore be written as

0 1 Q e—itﬂ)c +0 e—ita)p
Hi=h . _ > (O b ) (3.2.6)
% (chltwc + Qpelta)p) 0
The total Hamiltonian of the system without rotation can be rewritten as
1 —Iit @, —Iit,
5 (Qee P Qe "%
H=h e 2 (% b ) (3.2.7)
% (chlla)c 4 Qpeztwp) 0
Modified hamiltonian in rotating frame H.rr = HUU T % with frequency
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@, is given as

Q 1 it 0. —it @,
—w e L Q) et 4
Hypp=h I e : (3.2.8)
% + %Qpelta)p—lla)c 0
where Rotating wave transformation (RWA) matrix U is
e—itwc 0
U= . (3.2.9)
0 1

For simplicity in calculations, effective detunings are defined as &) = @) —

o and Oy = Oy — O.. Thus effective hamiltonian after rotating wave approxima-

tion is
— 0 % + %e’”‘sd
Hypr=h o 9 s (3.2.10)
FoFes 0

3.2.1 Time evolution

The time evolution of the two-level system can be calculated from the time de-

pendent Schrédinger equation, which for the density matrix is expressed as

p=—= [Hep.p]. (32.11)

which is equivalent to solving Liouville-von Neuman equation. It can be noted
that decay in the system e.g due to spontaneous emission are not accounted in Eq.
(3.2.11). Therefore, decay is added phenomenologically as a statistical process

given by density matrix P, given as

_F ee - e
Psp = Pee  —HPer (3.2.12)
—YtPge r‘pee
17
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Adding decay term given by Eq. (3.2.12) in the Eq. (3.2.11) results in Linblad

master equation, and is expressed as

p=—= [Hers.p] +Pip. (3.2.13)

The density matrix elements are expanded in time to obtain first order suscepti-

bility in @, (o) expressed as:

Peg = 21 + zpe 1% 4 730110
Pee = g+ ue "0 4 y*eitd (3.2.14)
Pog =D — ue—itéd _ u*ei"sd,
while Peg=nge- Total population is conserved i.e. p+¢g = 1 as the cycling tran-
sition is assumed. Inserting the matrix elements given by Eq. (3.2.14) into the
density matrix equation presented by Eq. (3.2.13), following coupled equations

for the Fourier components of the density matrix elements are obtained:

21 = iArz1 +iQpu* + 5 (g — p), (3.2.15)

22 = iMz +iQu + 52 (g —p), (3.2.16)

23 = iM3z3 + iQeu”, (3.2.17)

= iAqu— gy 4 gy 4 Depr (3.2.18)

§=-Tqg—Q,Im(z) — QIm(z)), (3.2.19)
18
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where effective detunings are defined as

Al :i%+6c,
Ay =i+ 0.+ 6y,

2= d (3.2.20)
Az =i + 8. — 64,

Ay =i+ 6y.

Steady state solution of Eq. (3.2.16) yeilds the susceptibility resposible for probe
absorption expressed as

iQ 0
=552 (p—g—1)— (3.2.21)

In absence of the coupling laser beam background probe beam is represented by
the first term on the right hand side of Eq. (3.2.21), second term represents the
hole-burning term obtained by subtracting background term, and the coherence
due to coupling beam is given by the last term. Solving Egs. (3.2.15)-(3.2.19) in
steady state regime, population difference p — g and u can be obtained as

62+y2

(8d+21y,)(6 +04-11)Q,Qc
a5 iy) x(p—q)

X [(84- iT) (8c+ 8u+ i) (8c- 84- i) + (8a+ iy) Q2]

B (3.2.23)

3.2.2 Electric Susceptibility
Complex electric susceptibility y describes how the medium polarises in response

to an applied laser field. The individual electric dipole moments of the atoms are

related to macroscopic polarization of the medium. The average dipole moment
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for an ensemble is obtained as

P =N{fl) = Nleg [Pege™"® + pgee®] (3.2.24)

where N is the atomic density. Complex linear susceptibility is related to polar-
ization by
P=(e—g)E==¢gyE (3.2.25)

pP— % [xe—itwp _‘_%*eitwp} 7 (3.2.26)

assuming Ej is real. Combing Eqgs. (3.2.24) and (3.2.26) and taking the dot prod-
uct with fie, yields

Nitgy [Pege ™ + pigee® ] = —3€0hQp [ge™" ¥ +x7e" ] (3227)

Relationship between the coherence term in the density matrix given in Eq. (3.2.16)

and susceptibility can be found by

2Nu?
X =— sohgiZZ' (3.2.28)

In the weak probe limit i.e. , << I" and assuming all the population remains
in the ground state (Pge-pee ~ 1), we can obtain the susceptibility as a function
of laser detuning. Considering Eq. (3.2.16), the susceptibility can be decomposed

into three parts:
X =2X0+x1+ X2, (3.2.29)

where ¥ is the background term in absence of coupling laser, )| resulting from

the hole burning term (p — g — 1), and y; is the coherence term resulting from u.

3.2.3 Doppler Effect

Until here, only stationary atoms are considered, however at room temperature,

the atoms have thermal velocity v, which has a typical value of 250 m/s. Therefore
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the frequency of the absorbed light by the atom is Doppler shifted relative to the

velocity of the moving atom, given as
op = —k.v=—kv,, (3.2.30)

where k is the wave-vector of the incoming monochromatic light field taken along
z-axis. It can be noted that there is a shift in frequency only when there is a
velocity component in the axis of the beam v,. However, atomic velocities are
distributed in all directions, so the range of velocities are resonantly interacting
with the light field. A Maxwellian distribution is assumed along the axis of the
light field for the atomic density of a given velocity class N(v) expressed as

_ Do (g

N(v) (3.2.31)

Vinp
with the most probable speed v, (= \/W) m 1s the mass of the atoms and
T is the absolute temperature of the cell. The z subscript is dropped since we are
dealing only with one dimension. For a blue detuned laser, atoms moving away
are Doppler shifted back onto resonance and thus absorb the light, and similar
is the case with atoms moving into the red detuned laser beam. Thus, wherever
0+kv=0, the resonance condition is fulfilled, the result is an inhomogeneously
broadened absorption spectral line. Which in the case of hot atoms is larger than
the natural linewidth, placing a limit on the spectral resolution. Considering the
case of 8>Rb atoms, the Doppler width is I'p ~ 27x 500 MHz at room temper-
ature (~ 20°C) and D2 hyperfine lines are separated by ~ 27 x 100 MHz that is
less than the Doppler width, and can not be ordinarily resolved. Hence to obtain
the sub-Doppler resolution second laser field is added. However, later in Chap. 5
and 6, we will show that Doppler broadening is still effective in vapor cells. Ad-
dition of Doppler broadening terms leads to following modifications in detunings

Op(c) = 0 — (+)kv with 6 = @ — @y and 8y = &, — 8. = —2kv. Thus susceptibility
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averaged over a Maxwellian distribution is given by

3A% Ny [~ dv (v/vmp)’
=—— —\Y/¥mp 3.2.32
A= 0 0y e v 2 (3.2.32)

where N, is the atomic number density in the vapor cell.

Inegrating Eq. (3.2.32), the background susceptibility is given by

2 2
—(5+%) Erfc [—i(5+%) .
kvip kvip

The backgroud susceptibility can be approximated in the Doppler-broadened limit

X0 = iCoexp (3.2.33)

(kvpp >> ;) given as

X0 = Coe~ (8/kvmp)? {—Erfc + (5 Al + 1)] , (3.2.34)
kvinp
where
3% I'Ng4
0 873/ kv

In the same Doppler-broadend limit y; and ), are evaluated as

— Coe—(8/kvmp)® So¥ : 3.2.35
N ) (323
and
= iCoe—(8/rmp? L= QTH (8 4i(1+0)y)(20 +i(1+30)%)
20 (6+i0%)(26 +i(1+Q)%)Z

(3.2.36)

where s is the on-resonance saturation parameter expressed as

QZ
S0 = F_'}/[’

with

0 =+/1+s0,
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and
Z=(26+i(1+0)y) x (28 +i(1430)y) +iL(28 +i(1+0)*y), (3.2.37)

The susceptibility )» due to coherence term presented in Eq. (3.2.36) can be
decomposed utilizing partial fraction method, and the term 26 +i(1 + Q) cancels
out 1 in Eq. (3.2.35). Using Eqgs. (3.2.33-3.2.36) in the Eq. (3.2.32), the total

susceptibility can be expressed as

xX= Coei(s/k‘/mp)2 [—Erfo—i— (i_’_ i +i>:| _|_Coe*(5/kv,np)2 % SO_% % Z

Vip 0 Z’
(3.2.38)
where Y is expressed as
Y = (28 +i(1+3Q)%) + B-or_ U+ (3.2.39)

2 1(6+4i0y)

A laser field propagating through an isotropic medium with refractive index n and

thickness / is attenuated and phase shifted so the output field is given by
Eour = El'rzeinkZ = Eine—mmkzeinkekz’ (3.2.40)

where ny g are the imaginary and real parts of the refractive index, and & is the

wavenumber. The measurable quantity can then be expressed as
Lows = |E0ut’2 = IineinkZ = EineiinRekZenImka (3.241)

with o = 2ny,,,k s the absorption coefficient given by Beer-Lambert’s law. Hence,

the absorption coefficient, o« = kIm[y] can be explicitly expressed as

o = kCoe~ /R (1 — £(8)), (3.2.42)
where y
— [ |So% Lt
£(8) =1 { 0 Z}. (3.2.43)
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Neglecting coherence terms i.e. considering only hole burning term in Eq. (3.2.42)

leads to
ay = kCoe™ O/m)* (1 — 1(8)), (3.2.44)
where 2( )
S0 1—|—Q
fu(d) = , (3.2.45)
®) 0482+ (14 0)*%)
1.o__§/¢
0.8 Q.15 Q=06 ]
S |
= 06| i
3 I
0.4; i
0.2; -
s 0 s o s e s
éIr

Figure 3.2: Calculated absorption coefficients for Q. = 0,0.6, and 1.5 I" with fixed probe Q, =
0.01I". Doppler width is kv, = 50I" as adopted in Fig. 2 of [74]. Blue dashed curves present total
absorption spectra (Eq. (3.2.42)) and solid red curves present hole-burning spectra (Eq. (3.2.44)).
Whereas normalized background absorption is given for Q. = 0.

Equation (3.2.38) presents the complex susceptibility for an idealized closed
two-level atomic system in a Doppler-broadened limit. Coherent absorption, hole
burning, and background spectra are calculated utilizing the analytical solution
for the susceptibility. Figure 3.2 shows the calculated results of Eqgs. (3.2.42) and
(3.2.44). Fixed Q) = 0.01I" with three different values of Q. = 0,0.6I"and 1.5 y
are utilized. The black curve shows the normalized background absorption coef-
ficients without a coupling field, i.e., . = 0. While Blue dashed curves represent

total absorption spectra given in Eq. (3.2.42) and solid red curves represent hole-
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burning spectra given by Eq. (3.2.44).

3.3 Degenerate Atomic Levels

The coherent response of a simple two-level atomic system presented in Sec. 3.2
is an idealized case, measured by a weak probe field with a variable frequency
offset and driven by a coexisting strong coupling laser field. Nevertheless, predic-
tions based on the idealized two-level model have proven to be accurate for many
experimental observations. However, in the real atoms, levels are degenerate, and
the transitions strongly depend on the vectorial nature of the resonant light field.
Thus, even in the case of alkali metal atoms with a relatively simple atomic struc-
ture due to a single valence electron. There are many allowed transitions between
the hyperfine energy levels of the ground state transitions D1 (5S; /2 — 5P /2)
and D2 (5S,/, — 5P3/,) lines. Hence, resonant light can modify the response of
a degenerate atomic system when Zeeman sub-levels are coupled via an optical
field.

3.3.1 Three-Level System (EIT)

In the optical domain, the coherent response of a degenerate atomic system is
well-realized to demonstrate sub-natural width EIA and EIT resonances attract-
ing considerable attention in the study of multilevel atomic configurations. EIT
results from destructive quantum interference between different excitation path-
ways in a resonant atomic media (mainly A, V, and E-type systems), while EIA
can be invoked by constructive quantum interference between multiple excitation
pathways in a resonant atomic media (mainly N-type systems). Usually, DTLS is
theoretically considered to explain EIT and EIA resonances because DTLS can
provide the possibility to analyze different level schemes (A, V, and N) by appro-
priate choice of angular momenta of atomic levels and the polarization of cou-
pling and probe fields. For example, a degenerate atomic system with the ground

state of total angular momentum J = 1 connected to an excited state J = 0 by
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coupling and probe light fields with orthogonal circular polarizations (6 and

o) can exhibit EIT phenomenon.
m=0

e =

;ﬁa

o', Qc O'f,Qp

E) | 22
m=1

m=-1 m=0

Figure 3.3: Schematic energy-level diagram of the three-level atomic system. The probe field
interacts with the transitionF, = 1 — F, = 0 of ground and excited state whereas the transition
F, = —1 — F, = 0 is coupled by coupling light field. The Rabi frequencies of coupling (probe)
fields are Q. (£2,), respectively. The spontaneous decay rate of the excited states is I'.

Figure 3.3 shows two ground state levels m = £1 coupled to one upper state
m = 0 level taking form of A-type system, with 6™ the coupling field resonant
on Fy = —1 — F, = 0 transition and o~ probe field resonant on Fy =1 — F, =0
transition. The Rabi frequencies of co-propagating coupling and probe optical
fields are Q. and €, respectively. The atomic resonance frequency is given as
@y, the spontaneous decay rate of the excited state is I'. The decay rate of optical
coherence is defined as ¥, in the absence of collisional dephasing thatis 3, =T"/2.

Total Hamiltonian of the system without RWA can be expressed as

oy %chitwc %Qpeilwp
H=h| loeto 0 0 (3.3.1)
3Qpe 1% 0 0

Ground state with m = 0 is neglected because there is no transition for this state.

The effective Hamiltonian of the system after RWA at coupling frequency @, is
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given as

—0 % %Qpensd
Hgwa =h e 0 0 (3.3.2)
Qe 1% 0 0

where 8, = @, — @y is the detuning of coupling field from resonance and §; =
), — @, is the frequency difference of the coupling and probe fields. Additional
unitary transformation with a frequency difference d; can be applied to remove

the remaining time dependence without dropping any terms expressed as

Q @
0 3 7

Hyp=h| % 0 0 (3.3.3)
Q
20 &

We can solve the system under steady-state condition utilizing density matrix

equation, given by

p=—= [Her.p] +psp (33.4)

where, pg, accounts for decay due to spontaneous emission calculated by

: I';
=Y 5 (o)t 00 +pojio;—20p0]). (3.3.5)
J
where o1 = |g) (¢| and T'; is the decay rate of the e,g1,82 € {|0),|—1),|1)}.
Using Eq. 3.3.4 and solving coherence terms given by off-diagonal elements of

the density matrix result in following equations of interest

. . iQ iQ
Ocgy = — (yegz B 1517) Oeg, — TCGglgz + TP (Cee — nggz) (3.3.6)
. . i iQ
Oo1gy = — (Yairg —1(6p — Oc)) Ogy0, — TCGegz =+ TpGgle (3.3.7)
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. . 1Q, iQ
Ocg; = — (%gl + 160) Oeg, + 7 (Gglgl - Gee) + Tpogzgz (3'3'8)

Using Eqgs. 3.3.6-3.3.8, absorption and dispersion coefficients can be calculated
for oeg, given by Eq. 3.3.6 in a weak probe limit and assuming majority of pop-
ulation remains in the ground state |g») given as
iQ,
Oegy = — 2 (3.3.9)

. @
(Yegn —18p) + (Y15, —(8p—8c) )

The susceptibility () of a three-level system is calculated using Eq. 3.3.9. The
absorption coefficient can be found using the imaginary part of the susceptibility
(x1) and dispersion using the real part (xr). Plots of these coefficients are pre-

sented in Fig. 3.4 with a sharp transparency window and positive slope of the

dispersion.
0.08( "~ T T T T T
c 006
S i
e}
Q_ L
5 0.04
o i
Q .
< .02
'c L
)
N L
& 0.0
€ i
L .
§ -0.02
_0'04:\ | I | I | I | \;
-1.0 -0.5 0.0 0.5 1.0
o

Figure 3.4: Calculated absorption coefficients for . = 0.2I", and probe 2, = 0.01I". Blue dashed
curves present dispersion spectra and solid red curves present absorption spectra.
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3.3.2 Four-Level System (EIA)

Theoretically, EIA has been well explained as a result of TOC utilizing a simple
N-type atomic system with four states by Taichenachev er al. [75]. They pre-
sented an analytical expression for N-type configuration with degenerate excited
and ground levels for a weak probe field as a function of the coupling field. A
spontaneous cascade of coherence between four states in a N-type configuration
demonstrated EIA resonance, which is neglected in simple three-level theoretical

models (A, V, and E-type systems).

| gl> m=2 m=3 | g2>

Figure 3.5: Schematic energy-level diagram of the four-level atomic system. The probe field
interacts with the transition |3) — |2) of ground and excited state whereas the transitions |1) — |2)
and |3) — |4) are coupled by coupling light field. The Rabi frequencies of coupling (probe) fields
are Q. (L), respectively. The spontaneous decay rate of the excited states is I'.

Figure 3.5 shows considered N-type scheme for a four-level atomic system.
Just a fraction i.e. mg = 2,3 — m, = 3,4 of a complete DTLS F, =3 — F, =4
transition of 85Rb D2 line can be utlized to explain the EIA phenomenon. The
probe field interacts with the transition namely |g2) — |e1) of ground and excited
state whereas the transitions |g;) — |e;) and |g2) — |ez) are coupled by coupling
light field. The Rabi frequencies of coupling (probe) fields are €. (£2,), respec-
tively. The spontaneous decay rate of the excited state is I, state |e;) decays to

both ground states |g;) and |g,), while state |e;) only decays to state |g2).
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Total Hamiltonian of a four-level system after RWA is given as

5 A% 0 0
Hepp=h AT 0 BF 0 (3.3.10)
eff = o Q 3.
0 B3 & %
o

0 0 % §5-4

where A and B are real numbers (A2 + B> = 1) governing the relative transition
amplitudes as given by [75]. Using Eq. 3.3.4 and solving coherence terms given
by off-diagonal elements of the density matrix result in the following equation of

interest responsible for probe absorption
ey = ([/2—i8,) ' —iBQ, (Cgrgr — Oeye;) — iAQ Gy, gy +iQ:Cee, (3.3.11)

Eq. 3.3.11 can be approximated by assuming a weak probe limit, i.e., Q. < I and
considering the probe field amplitude in the first order of Q,,. Thus Eq. 3.3.11 can
be replaced as

Oerg, = (I'/2 - ’.517)71 — (iBQ)Oygyg, +iAQ:Og g, ) (3.3.12)

Steady-state solution for Ge(ll 522 using perturbation theory is given as

(1) B0, AQ;
Gelg2 = T 3 202 1
7710 B*QZ + 51l (8¢ — 6p) — ¢ (8 — b))

(3.3.13)

where zero and first-order perturbation solutions are presented by (0) and (1)
superscripts, respectively, for small &, /€. parameter.

In Eq. 3.3.13, linear absorption of the probe is given by the first term in the
square bracket, and contribution of the ground level coherence Gg;z is repre-
sented by the second term which results in the increased absorption in the narrow
detuning range 8 = &, — §,. Figure 3.6 shows the EIA spectra (red solid curves)

due to TOC from upper states to the two lower states by spontaneous emission.
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Figure 3.6: Calculated absorption coefficients for Q. = 0.2I", and probe &, = 0.01I". Blue dashed
curves present dispersion spectra and solid red curves present absorption spectra as a function of
normalized detuning 6 /T" = (8. — 8,,) /T, with 6, =0

Analytical and numerical modeling approaches based on idealized models
have significantly contributed to understanding the involved atom-light interac-
tion processes. Even so, a coherent atom-light interaction picture under realis-
tic experimental conditions is incomplete. Complete understanding of the pro-
cesses involved requires all dependent parameters to be considered, including
level structures, ground and excited level relaxation rates, light intensities and

polarization, atomic density, and Doppler broadening effects.

3.4 Atomic Structure

This work develops a theoretical model based on OBEs that qualitatively explain
the coherent EIA and EIT resonances of rubidium vapor measured experimentally
at D2 lines using coupling-probe spectroscopy. Alkali metal atoms are frequently
studied in atomic physics due to their high-oscillator strength at D lines and are

ideal species to yield significant absorption in cells of modest length as they have
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sufficient room temperature vapor pressure. In addition, the D lines in these atoms

appear at wavelengths where reliable and inexpensive diode laser sources are

available.

87Rb

",“‘ * F, e:
W% 159.94 MHz
v Fe=1
% 7221 MHz
Fe=0
N
= 2
a g o
a g Iy
£ 2
.* Fg=
““‘
2 —— ks EEEEEEEEEEEE
5 Sl/2 0"
6835 MHz
"0 Fg:l

85Rrp

80.10 MHz o Fe~4

Figure 3.7: A schematic energy level diagram showing the hyperfine structure and intervals of
Rb for the D2 spectroscopic lines (not to scale). The P35 states are offset by 80.1 MHz due to the

isotope shift.

In order to precisely model the absorption spectrum, the relative transition

frequencies of the hyperfine-resolved energy levels are required for both Rb iso-

topes, as shown in the figure 3.7. In the absence of hyperfine splitting, the energy

level intervals for the atomic transitions are set to be relative to the center of mass

for the D2 (5s%S; /2= 5p’P, /2) transition. Even with a relatively simple atomic

structure due to a single valence electron, there are many allowed transitions be-
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tween the hyperfine energy levels of the alkali-metal atoms. The dipole matrix
elements for each transition between ground and excited state characterize the
strength of the interaction between an atom and a near-resonant light field given
by

<Fg,mFg\ —7.Eoéq\Fe,mFe> (3.4.1)

To calculate the dipole matrix elements we can write the matrix elements as a

product of Wigner 3 — j and 6 — j symbols

<Fg7 mr,| — 7-E0éq|FeamFe> = hQCL e (3.4.2)

Fg7mFg
where,

meFe — (_1)2Fg+l+2jg+Lg+S—mFE
Fg7mFg

%\ QLo+ 1) (2F +1) 2F+1) (2 +1) (2 +1)

L, 1 L J, 1 7 F, 1 F
x{ & ¢ § ¢ § (3.4.3)
Jo S J. F, I F, mg, q Mg,

In Eq. 3.4.3, 6 — j symbols are enclosed in curly brackets and 3 — j are enclosed
in round brakets. Symbols F, I, J, L, S, and m are the angular quantum numbers,
and g (=-1, 0, and 1) is the integer change in mf due to 6,7 , and 6™ transi-
tions. Nuclear spin (/) has the value % and % for 8’Rb and 3 Rb, respectively. The
electron spin, given by S has the value of %

3.5 Outlook

Developing ideal models for simple atomic systems that accurately reproduce ex-
perimental spectra has been key to a great deal of research. These models have
been a valuable tool in extracting critical physical parameters and can predict
novel effects. However, there remains a need for a degenerate multilevel model

applicable to a range of experimental parameters and numerically simulate the es-
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sential dynamics of atom-light interactions in realistic atomic systems. One of the
primary motivations for this work was to extend this model to the subtleties and
extra complications introduced by the unresolved real atoms in a vapor cell. This
principle method is extended to degenerate hyperfine levels with higher-order
oscillation frequency mixing in Chap. 4 and adding the neighboring hyperfine

transitions in Chap. 5 and 6.
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Chapter 4
Multiphoton Interactions

4.1 Overview

In this chapter, multiphoton nonlinear frequency mixing effects on coherent elec-
tromagnetically induced absorption spectra of 83Rb atoms using two orthogonal
linear polarizations of strong coupling and weak probe beams are investigated
theoretically and experimentally concerning an applied longitudinal magnetic
field and coupling powers. Herein, we confirm for the first time that at least five-
photon interactions in solving density matrix equations for the Fy =3 — F, = 4
transition of 8°Rb atoms are required to explain experimentally observed coher-
ent electromagnetically induced absorption spectra when a quantum axis is se-
lected as the propagation direction of co-propagating coupling and probe laser
beams. Distinct calculated spectral differences due to magnetic field variations
and coupling power between three- and five-photon interactions are confirmed.
The obtained asymmetrical spectral shapes match very well with those calculated
from five-photon interactions considering the off-resonant F, =3 — F, = 2,3
transitions. Genuine, coherent spectral shapes are observed with a single laser
combined with two acousto-optic modulators, wherein the spectral resolution is
limited because of the decoherence rate between Zeeman sublevels in the ground

state from transit-time relaxation.

4.2 Theory for 3PI and SPI in DTLS under LMF

mg -3 T3 2] 0 T+ 12 3

Figure 4.1: Transition schemes with two circularly polarized coupling and probe beams for en-

ergy level of the 55 /»(Fy = 3) — 5P; )5 (F, = 4) transition of *Rb atoms.
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The energy level diagram for the 58 />(Fy = 3) — 5P; »(F, = 4) transition of
85Rb atoms is shown in Fig. 4.1. The co-propagating coupling and probe beams
are linearly polarized in directions perpendicular to each other. The detuning of
the probe (coupling) beam in the rest frame of an atom moving with velocity v
is expressed as 0 = 8, — kv (6, = 8. — kv), where 3, (&) is the detuning of the
probe (coupling) beam, and k (=27 /A ) and A are the wavevector and wavelength
of the laser beams, respectively. To implement an applied magnetic field in the
calculation, we select the propagation direction of the laser beams as a quantiza-
tion axis. The density matrix equation in the rotating frame of frequency of the

coupling beam is expressed as

i
n
where p is the density operator. The atomic Hamiltonian Hy is expressed as

p:_ [H0+Hi7p]+psp7 (421)

4
HO == Z h<—52—|-ge/.LBBm) |Fe:47m><F€:4,m|

m=—4

3
+ Y nhgoupBm|Fy=3,m)(F,=3,m|, (4.2.2)

m=-3

where g is the Bohr magneton; B is the LMF; and g.(= 1/2) and g,(= 1/3) are
the Landé g-factors of the states 5P3»(F, = 4) and 55 »(F; = 3), respectively.

In Eq. (4.2.1), the interaction Hamiltonian V is expressed as

30h

—id,
Ho= Y 5 (e 0 +h,00) G
g=t1m=-3
x |Fo =4,m+q) (Fy =3,m|+h.c., (4.2.3)

where Q,, () and a4+ = F1/ V2 (b = i/+/2) are the Rabi frequency and the co-
efficient of the electric field of the probe (coupling) beam in the spherical bases,
respectively. In Eq. (4.2.3), h.c. denotes the Hermitian conjugate, Cﬁ; is the nor-

malized transition strength between the states |F, = 4,m,) and ‘Fg = S,mg> [21],
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and 64(= 8; — 0, = O, — O.) the difference in the detunings of the probe and
coupling beams. Thus, “0” (“d,”) in Fig. 1(a) denotes the relative detuning of
the coupling (probe) beam with respect to the frequency of the coupling beam. In
Eq. (4.2.1), psp represents the spontaneous emission term, whose matrix elements
are shown in Eq. (3) in [32]. The finite interaction time between atoms and laser
beams is considered in the calculation by employing a transit relaxation constant
[33].

Because two different frequencies of the electric fields appear simultaneously
for the available transitions, as shown in Fig. 4.1, the density matrix elements can
be decomposed into many Fourier components. In the SPI (3PI) calculation, the
5PI (3PI) for the optical coherences and four (two) photon interactions for the
populations and Zeeman coherences are considered. Hence, in the 5PI calcula-
tion, the density matrix elements of the optical coherence, Zeeman coherences,
and populations are explicitly expressed as

(1)

_ (2) —idyt (3) 18 t
pemi&gm - pem:l:€7gm + pemi&?agm ¢ + pemﬂ:€7gm ¢

+p(4) 215,12‘_|_p( ) 215dt_|_p( ) 3i5dl’

emi€7gm €m+e, gm emievgm

(1)

_ (2) zédz ( ) 15[11‘
Peniyem = Peny,em T Peny,em® T Pewy.en®

FPEen® A Pl

Pgmiv.gm = pé('m)iwgm + pém)iwgm it 4 Pg(fm)iv,gmelad[
P50 Py

Pap = Pg o (4.2.4)

where € = 1,3, and 5; u = 0,2, and 4, and v = 0,2, and 4, for all the relevant
values of m. We use the simplified notations for the matrix elements in Eq. (4.2.4),

as follows:

Pe s on = (Fe=4,m'|p|F; =3,m),
Pe, s .em = (F, = 4,m" p|F. =4,m),
Py 1gm = (Fy =3,m'| p|Fg=3,m). (4.2.5)
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Notably, the elements p(z) in Eq. (4.2.4) contribute to the probe absorption.

€m+1:8m
This is because the matrix elements of p‘g(nzl)il 7 gme*i5d’ contribute to the dipole mo-
ment oscillating at the frequency of the probe field and are responsible for the

probe absorption as in Eq. (4.2.7) below.

(@) )
(i) (i1)
s _ bms
- g T &n
(iii) (iv)

e-r£3 . _ . eﬂ4 _ _ - e_m
- - & — N _ N _

(b) . 3

(1) (i1) (iii)

éms em-1 ema__ Cm
- ¥ - & - _ N

Figure 4.2: Typical possible routes connecting the states by coupling and probe photons: a(i)
5PI between |e,,—5) and |g;,), a(ii) between |e,,—3) and |g.,), a(iii) between |e,,—3) and |g,,), and
a(iv) between |e,—4) and |e;,), b(i) 3PI between |e,,—3) and |g,), b(ii) between between |e;,;—1)
and |g,,), b(iii) between |e,,—») and |ey,). The green arrows denote the transitions by the mixed
coupling and probe beams simultaneously to avoid confusion..

Figure 4.2 (a) shows typical connection configurations among various pos-
sible configurations for SPI between the magnetic sublevels of the excited and
ground states by the coupling and probe photons. Fig. 4.2 a(i) shows the 5PI be-
tween the sublevels |e,,_s) and |g;,). In each emission (absorption) process, the

contribution to the net oscillation frequencies are given by {0,—3d,;} ({0,8,}).
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Therefore, the resultant oscillation frequencies via the 5PI in Fig. 4.2 a(i) are

given by

{07 _5d}@ {07 5d} @ {07_6d} @{Oaéd}@{oa _5d}
- {07 _6d7 6d7 _25d725d7 _36d}

Figures 4.2 a(ii) and a(iii) show two typical SPI between the sublevels |e,,—3) and
|gm). The resultant oscillation frequencies for these connections are the same
as those for the connection between the sublevels |e,_s) and |g,). Although
there exist another connections between the sublevels |e,,_3) and |g,,), the os-
cillation frequencies remain unchanged. Therefore, we can conclude that the os-
cillation frequencies for the optical coherences pe,,, , ¢, Within the SPI are given
by {0, -84, 084, —2084,284,—36,}. Figure 4.2 a(iv) shows the four photon interac-
tions between the sublevels |e,,_4) and |e,,), and the oscillation frequencies are

given by

{0,—84} ©{0,84} ®{0,—84} ©{0, 4}
- {07_6d75d7_26d725d}‘

In an analogous method, we can construct the decompositions of the other density
matrix elements in Eq. (4.2.4). Because we can select non-zero components of the
density matrix elements, the density matrix equations in Eq. (4.2.1) can be numer-
ically solved rapidly and efficiently. In this sense, we can state that our method
solving density matrix equations is distinct from the perturbative approach as dis-
cussed in Ref. [76], where how subsequent orders of p are coupled and the den-
sity matrix p to a given order p) can thus be expressed in terms of the elements
p(”*l) of the next-lowest order to solve the optical Bloch equations.

In the 3PI calculation, the optical and Zeeman coherences (and populations)

in Eq. (4.2.4) are truncated at p(4) and p(3), respectively, and are explicitly ex-
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pressed as

_ A (2) —i8t 3) 6,1
pemi&gm - pem:tsvgm +p€m:l:£:gm 1o +pem:ﬁ:876m l ¢

4 —2iyt
+pe(m)i€7gme 1od 9
1 2 —i8yt 8t
pemiuaem = pe(mzc/,hem + pe(mzc/.hem 1o + pe(m)iu7em 1o )
— 5 (2) —i6gt | ,B3) iyt
pgm:twgm - pgmiwgm +pgmiv7gm 10d +pgmiv gm d 5 (426)

where € = 1,3, and 5; 4 = 0,2, and 4, and v = 0,2, and 4. Figure 4.2 (b)
shows how typical oscillation frequencies for 3PI are generated. In an analo-
gous method for 5PI, the resultant oscillation frequencies via the 3PI for the
optical coherence with Am = 3 (Am = 1) in Fig. 4.2 b(i) [b(ii)] are given by
{0,-64}1®{0,8,} ®{0,—6,} — {0,—84,84,—26,}. In Fig. 1 c(iii), the frequen-
cies of the Zeeman coherence are given by {0,—38;} ©{0,8,} — {0,—084,64}-
Comparing Egs. (4.2.4) and (4.2.6), The terms of pe(,i)ﬂ,gm and pe(g)ﬂ,gm neglected
in the 3PI calculation are considered in the SPI calculation. This kind of inclu-
sion of more terms for the density matrix elements increases the precision of the
calculation.

After inserting Eqgs. (4.2.2), (4.2.3), and (4.2.4) into Eq. (4.2.1), we obtain
coupled differential equations for the matrix elements, which are then solved nu-
merically as functions of 5p, Oc, and v. Finally, the absorption coefficient of the

probe beam is expressed as

324 Nat dv (v/u)
o Q \/_u

xIm [ Y Z aZCW‘fpe(ﬁmgm] : 42.7)

qg=Ft1m=-3

where Ny is the atomic vapor density in the cell, and u is the most probable speed
in the cell.

Here, we describe the effect of the quantization axis on the accuracy of the
calculation. When the direction of the coupling field is selected as the quantiza-

tion axis, only the optical coherences pe,, ,, between the sublevels with Am =0
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do not vanish, and all the other optical coherences vanish. Thus, when the probe
field is very weak, because the optical coherences with Am # 0 is not significant,
the calculation can be very accurate although only 3PI processes are considered.

However, when the direction of the laser field is selected as the quantization
axis, all the optical coherences with Am = +1,43,45,... do not vanish. There-
fore, higher photon interactions are required to obtain sufficient accuracy in the
calculation, such as SPI processes. Because it is convenient to select the direction
of the magnetic field as the quantization axis in the presence of a longitudinal
magnetic field, at least a SPI calculation is needed to obtain accurate calculated

results of the EIA spectra.

4.3 Experimental Setup

The schematic of the experimental setup is shown in Fig. 4.3. A laser beam for
the 55, — 5P; ), transition of 85Rb atoms at 780 nm is generated using a tunable
external cavity diode laser (DLPro, Toptica Inc.) with a typical output power of
100 mW in a single-mode regime. A window (W) is used to extract 4% of the
total output power of the laser beam for a frequency locking to the F; =3 —
F, = 4 resonance line of 3Rb atoms for saturated absorption spectroscopy. The
polarizing beam splitter-1 (PBS-1) passes an intense p-polarized coupling beam
and reflects a weak counter-propagating s-polarized probe beam reflected through
a neutral density filter (NDF) from a mirror into photodiode-1 (PD-1) to detect
the saturated absorption signals. A quarter-wave plate (QWP) is utilized to change
the incoming p-polarized coupling beam to an s-polarized probe beam. The NDF
controls the power ratio between the coupling and probe beams.

EIA spectra are obtained using a single laser beam combined with two AOMs
with a central frequency of 80 MHz in a double-pass scheme, as shown in Fig. 2.
The intense main beam transmitting the W is separated into a weak p-polarized
probe beam directed to a half-wave plate (HWP) in front of PBS-5 and an intense
s-polarized coupling beam directed to AOM-1 using PBS-2 and an HWP after
the W. The coupling beam double passes the AOM-1. The reflected coupling
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Figure 4.3: Schematic experimental setup using a single laser combined with two AOMs. Com-
ponent symbols: OI, optical isolator; W, window; SAS, saturation absorption spectroscopy; HWP,
half-Wave plate; PBS, polarizing beam splitter; A, aperture, QWP, quarter-wave plate; NDF, neu-
tral density filter; L, lens; PD, photodiode; AOM, acousto-optic modulator.

beam transmits PBS-3, and the procedure performed in AOM-1 is similarly im-
plemented in AOM-2. Subsequently, the coupling beam from AOM-2 is expanded
by 5x to combine at PBS-5 with the weak probe beam expanded after PBS-2
to obtain a uniform intensity across a 4-mm-diameter beam. PBS-5 is used to
overlap the co-propagating probe and coupling beams with the orthogonal-linear
polarizations upon a vapor cell containing 8°Rb atoms at room temperature.

An external LMF is applied to the vapor cell with a solenoid surrounding
vapor cell shielded with five layers of p-metal sheets to remove the effect of
stray and earth’s magnetic fields inside the cell. Probe absorption is detected at

the PD-2 when PBS-6 is used to separate the s-polarized coupling beam, and
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an intersection angle of ~ 0.1 mrad is maintained for possible leakage due to

polarization rotations introduced by the applied external magnetic field.

4.4 Results and Discussions

This section compares the observed coherent spectra with the calculated spectra
to elucidate the observed coherent spectral characteristics from 5SPI, discernible

from those of 3PI concerning the coupling powers and LMF.

4.4.1 Spectral features depending on coupling powers without
LMF

3-Photon Calculation ] 5-Photon Calculation ] Experiment

O
3mWY
Y

Transmission (Arb. Unt.)

YA
Y ] f :ﬁh

2 4 0 1 2 2 4 0 1 2
Control Detuning (MHz) Control Detuning (MHz) Control Detuning (MHz)

(@) (b) (©

Figure 4.4: EIA spectra without magnetic field by varying coupling power (250 uW to 6 mW)
with fixing probe power at 15 uW. (a) Calculation using 3PI, (b) 5P, and (c) experimental mea-
surements.

Dependences of coupling powers on the EIA spectra with a weak linearly
polarized probe beam perpendicular to the coupling beam resonant with the F, =
3 — F, = 4 transition of 3°Rb atoms at room temperature without a magnetic
field (i.e., B = 0) are investigated. Numerical spectral calculations utilizing the

3PI and 5PI and experimentally measured EIA spectra by varying the coupling
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field powers (0.25 to 6 mW) with a fixed probe of 15 uW and a laser beam
diameter of 4 mm are shown in Fig. 3.

The spectral calculations utilizing the 3PI and 5PI are shown in Fig. 4.4 (a)
and Fig. 4.4 (b), respectively, and the experimental measurement in Fig. 4.4 (c)
show a similar spectral feature as those from 3PI and 5PI in the weak coupling
power of 0.25 mW. For strong coupling powers above 2 mW, discernible spectral
feature differences are observed in the central region of the spectra between the
3PI and 5PI. The 3PI calculation is characterized by an ultranarrow dip embed-
ded in a narrow dip at the central region. The amplitude of the ultranarrow dip
decreases with the increase in the coupling power, and the sign of the dip inverts
after ~4 mW (not shown in Fig. 4.4 (a)). With the increase in the coupling power,
the narrow dip splits into two broad dip features, as shown in the coupling power
of 6 mW. The central EIA signal for atoms moving at a constant velocity be-
comes split due to Autler-Towns (ATS) splitting from the strong coupling power.
After performing an average over Maxwell-Boltzmann velocity distribution in
the calculation, two separated EIA signals as shown in Fig. 4.4 (b) are created,
and therefore a central EIT-like transmission peak emerges [28]. However, ATS
is unclear due to the ultranarrow dip feature in the lower coupling powers at the
center of the spectra. Broad ATS features beside the central ultranarrow dip are
resolved with the linewidth of 479 kHz at 5 mW (not shown in Fig 4.4 (a)) and
480 kHz at 6 mW, as shown in Fig. 4.4 (a).

Unlike the 3PI calculation, the 5PI calculation is characterized by a narrow
and ultranarrow peak embedded in a narrow dip owing to ATS at the central re-
gion developing from 2.5 up to 6 mW power increase. Broad ATS features besides
the central ultranarrow peak further develop in the separations with linewidths of
62 and 147 kHz at 3 and 6 mW of coupling powers, respectively, as shown in Fig.
4.4 (b), whereas such ATS is not observed at lower powers.

The experimental coherent spectra show that ATS develops weakly at the cen-
tral region at 2.5 mW but increases with the coupling power up to 6 mW, sim-
ilar to the SPI calculation. The amplitudes of the broad ATS feature beside the
central ultranarrow and asymmetric peak further develop in the separations with
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linewidths of 83 and 178 kHz at 3 and 6 mW of coupling powers, respectively, as
shown in Fig. 4.4 (c). The experimentally observed spectra show spectral behav-
iors similar to those from the SPI calculation, as shown in Fig. 4.4 (b), with ATS at
higher powers. The asymmetric spectra is due to the off-resonant F, =3 — F, =2
and Fy = 3 — F, = 3 transitions of 85Rb atoms. The detailed explanations for the
origin of the asymmetric spectra are given in section 4.4.5.

From these analyses, SPI calculations instead of 3PI calculations at higher
coupling powers provide reliable results for predicting experimental EIA spectra
with the quantum axis as the propagation direction of laser fields without a mag-
netic field. It should be noted that the coherence between the magnetic sublevels
connected via coupling and probe beams increases when the laser beam’s inten-
sities are weak. As the laser beam’s intensities increase, the coherence reaches a
maximum when the effective Rabi frequency is comparable to the linewidth of

the transition under consideration and then decreases [77].

4.4.2 Spectral features depending on coupling powers with LMF
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Figure 4.5: EIA spectra with 0.3 G magnetic field by varying coupling power (250 uW to 6
mW) and fixing probe power at 15 uW. (a) Calculation using 3PI, (b) 5PI, and (c) experimental
measurements.
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A static magnetic field is applied in the direction of laser propagations in the
coupling-probe system such that in the spectral simulation, a quantum axis can
be selected as the direction of the applied LMF to simplify the system for solving
OBEs.

Unlike the case without an applied magnetic field, the spectra split into two
Zeeman sidebands beside the central spectrum. The sidebands’ splittings due to
the Zeeman effect match well with the observed ones, which can be used as fre-
quency calibration. Unlike the case without an applied magnetic field described in
Section 4.4.1, spectral mixing effects are observed on the coherent spectra owing
to Zeeman splitting and ATS due to strong coupling powers. Hence, the calcu-
lated and observed spectral features exhibit ATS even at lower powers, unlike
the spectra without an applied field. At higher coupling powers, the spectra with
the ATS effect mix more significantly with the spectra from the Zeeman effect.
Spectral differences between the 3PI and 5PI results from the central part of the
spectra are shown in Figs. 4.5 (a) and 4.5 (b).

Numerical spectral calculations utilizing the 3PI and 5PI are shown in Figs.
4.5 (a) and 4.5 (b), respectively, and the experimental measurement in Fig. 4.5
(c) show a similar spectral feature in the weak coupling power of 0.25 mW. In
the calculated EIA spectra utilizing the 3PI, the amplitude of the ultranarrow dip
at the central region of the spectra decreases slowly compared with the ampli-
tude of ultranarrow dip obtained from the 5PI with the increases in the coupling
powers. The spectral profiles of the 3PI calculation differ from those of the SPI
calculation. The linewidth is 147 kHz at 3 mW and increases to 153 kHz at 6
mW of coupling power, as shown in Fig. 4.5 (a). The amplitudes of the dips de-
crease with the increases in the coupling power up to 6 mW. In the calculated
EIA spectra utilizing the 5PI, the linewidths are 157 and 143 kHz at 3 and 6 mW
of coupling powers, respectively, as shown in Fig. 4.5 (b).

Figure 4.5 (c) shows the experimentally measured EIA spectra by varying the
coupling field powers (0.25 to 6 mW) with a fixed probe of 15 uW and an ap-
plied LMF of 0.3 G. Because of the applied LMF, the spectral feature with the
increased linewidth of EIA spectra owing to ATS and the magnetic field differs
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significantly from that with the linewidths in the case without an LMF. The spec-
tral asymmetry of the observed spectra is more significant than that without a
magnetic field; this is attributable to the off-resonant transitions of 83Rb atoms
(See the explanations in the section 4.4.5 below). The linewidths are 192 and 174
kHz at 3 and 6 mW, respectively, comparable to the calculated linewidths uti-
lizing the SPI. The 5PI calculation instead of the 3PI calculation provides better

matches with the observed spectra.

4.4.3 Spectral features depending on coupling powers with LMF
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Figure 4.6: EIA spectra with 1 G magnetic field by varying coupling intensity (250 uW to 6 mW)
and fixing probe at 15 u'W. (a) Calculation using 3PI, (b) 5PI, and (c) experimental measurements.
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At a higher magnetic field of 1 G, the 3PI and 5PI calculations differ less
for each power, although the central amplitudes between the 3PI and 5PI indi-
cate slight differences at higher powers, as discussed in Section 4.4.2. For other
weaker magnetic field cases, the central peaks of the SPI are smaller than those
of the 3PI. However, the decrease in the amplitude of the central peak is slighter
than the decrease in the amplitude in lower magnetic fields with the increasing

coupling power. The slight differences between the 3PI and 5PI calculations at
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a higher magnetic field may result from the significant Zeeman shifts of the en-
ergies of the degenerate sublevels. In this case, each transition shown in Fig. 4.1
becomes non-resonant and diminishes the coherent effects, and accordingly, the
effect of higher-photon interactions becomes insignificant.

Figure 4.6 shows EIA spectra with 1 G magnetic field by varying coupling
intensity (250 uW to 6 mW) and fixing probe at 15 uW. The central EIA dip at
B =1 G for the measured signal with 250 u'W has a 162 kHz linewidth, whereas
a narrow linewidth is obtained in the calculations, i.e., 51 and 55 kHz using the
3PI and 5PI, shown in Fig. 4.6 (a) and (b) respectively. The separation of EIA
sidebands is proportional to the applied magnetic field magnitude, i.e., approxi-
mately 1 MHz per 1 G. No significant trend difference is observed between the
measurements and calculations except the broad linewidth and lower amplitude
of the observed experimental EIA signal. The broad linewidth of the experimen-
tal measurement is due to the sustained angle of 0.3 mrad between the probe and
coupling fields to eliminate the coupling beam leakage on the detector, whereas
a missing ultranarrow region below 80 kHz resulted in a lower amplitude of the
measured EIA signal. The central EIA signals decrease concerning the increases
in the magnetic field, thereby reducing N-type connections between the magnetic

sublevels owing to the Zeeman splittings.

4.4.4 Spectral features depending on LMF with fixed coupling
power of 3 mW

In this subsection, magnetic field dependencies on EIA spectra are investigated at
an intermediate coupling power of 3 mW. Numerical spectral calculations utiliz-
ing the 3PI and 5PI as well as experimental measurements by varying the mag-
netic field (0 to 0.9 G) with a fixed probe (15 W) and coupling power (3 mW)
at the evident ATS limit of the coupling powers are shown in Figs. 4.7 (a), 4.7
(b), and 4.7 (c), respectively. An applied magnetic field separates the EIA lines
owing to the Zeeman effect, as shown in Fig. 4.7; consequently, distinct spectral

differences owing to the magnetic field and ATS due to strong coupling powers

48

Collection @ chosun



3-Photon Calculation 5-Photon Calculation Experiment
- 0.9-G

0.7-G

mRL

0.5-G

0.3-G| 4

0.1-G

|~
|~
R Vada
v~
T

Transmission (Arb. Unt.)
1

3240123 3240123 3240123
Control DeEu%ling (MHz) Control De?ér)ling (MHz) Control DeEuiling (MHz)
a c

Figure 4.7: EIA spectra by varying magnetic field (0 to 1 G) with fixed probe and coupling
power of 15 uW and 3 mW, respectively. (a) Calculation using 3PI, (b) 5PI, and (c) experimental
measurements.

between the 3PI and 5PI calculations in the central region of the spectra are ob-
served. Hence, spectral features owing to multiphoton frequency mixing effects
are discernible through spectral comparisons between the calculated and observed
spectra.

Major spectral trend differences in the central region of the spectra from uti-
lizing the 3PI and 5PI calculations are evident at lower magnetic fields, as dis-
cussed in Sections 4.4.2 and 4.4.3. Unlike the case without an applied magnetic
field described in Section 4.4.1. Spectral mixing effects are observed on the co-
herent spectra due to the strong coupling power due to the Zeeman splittings and
ATS. At higher coupling powers and the ATS limit, the spectra from the ATS
effect are mixed with the spectra from the Zeeman effect. Spectral differences
between the 3PI and SPI resulting from the central part of the spectra are shown
in Figs. 4.7 (a) and (b). At lower magnetic fields of B = 0, 0.1, and 0.3 G, the

spectral differences are evident because the ultranarrow signals at the central por-
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tion of the spectra have opposite signs with dips and peaks owing to coherent
effects between the 3P1 and 5PI, respectively. EIA spectral energy separations
from the Zeeman effect due to magnetic fields of 0.1 to 0.9 G are larger than ATS
due to the coupling power.

The spectral profiles from the 3PI calculation differ from those of the 5PI
calculation with the increase in the magnetic field. In the calculated EIA spectra
from the 3PI, the amplitudes of the ultranarrow central dip for the 3PI calcula-
tion increase and reach the maximum and then decrease with the increase in the
magnetic field. The minimum of the central dip in the 3PI is more profound than
those of the sidebands at lower magnetic fields.

The ultranarrow central peak for the SPI calculation below 0.3 G increases
in amplitude and changes to an ultranarrow central dip above 0.1 G. The ampli-
tude of the dip reaches the maximum and then decreases with the increase in the
magnetic field. Unlike the 3PI case, a peak is observed below 0.3 G in the 5PI
calculation, and the minimum central dip above 0.1 G is slightly smaller than the
sidebands.

The experimental results are similar to those of the SPI calculation compared
to the 3PI calculation for points wherein the starting point of the central EIA dip
is above 0.1 G, and the linewidth and ending point of the central peak is below
0.3G.

The minimum central dip in the observed case is shallower than those at the
sidebands, similar to the 5PI calculation. As afore-described, the experimental
spectra are similar to the spectra from the SPI calculation. The background signal
at the right side is higher than that at the left side for the experimental spectra,

resulting in an asymmetric signal.

4.4.5 Physcial nature of asymmetric spectral features

To study the origin of large asymmetric spectral features shown in Fig. 4.8 (i)
with the probe power of 15 uW, the coupling power of 6 mW, and B = 0.3 G, two

different calculations with SPI process have been done: first case is the calculation
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Figure 4.8: EIA spectra with 0.3 G of magnetic field at coupling power of 6 mW and probe power
of 15 uW from (i) experimental measurement, (ii) calculation with considering the off-resonant
F, =3 — F, = 2,3 transitions without the transverse magnetic field of 30 mG with 5PI, and (iii)
calculation without considering the off-resonant F, = 3 — F, = 2,3 transitions with the transverse
magnetic field of 30 mG with 5PIL.

as shown in Fig. 4.8 (ii) when the off-resonant Fy =3 — F, =2 and F; =3 —
F, = 3 transitions are included as well as the resonant F, = 3 — F, = 4 transition
described in detail above. Second case is the calculation as shown in Fig. 4.8 (iii)
when a transverse magnetic field of 30 mG included to investigate the effects
on asymmetrical spectra of any stray transverse magnetic field when only the
resonant Fy, = 3 — F, = 4 transition is considered.

From the asymmetric behavior of the result shown in Fig. 4.8 (i1) without the
transverse magnetic field of 30 mG we can readily interpret that the asymmetric
spectrum results from the off-resonant transitions because when the transverse
magnetic field of 30 mG is included, asymmetric spectrum is not produced as
shown in Fig. 4.8 (iii). Therefore, we can conclude that the asymmetric spectral
feature found in the experiment results mainly from the effect of the off-resonant

transitions. The calculation described in this subsection is preliminary only to
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investigate the origin of the experimentally observed asymmetric spectra.

4.5 Outlook

Multiphoton frequency mixing effects on coherent EIA spectra of 33Rb atoms are
investigated theoretically and experimentally based on an applied LMF and cou-
pling powers with two orthogonal linear polarizations of co-propagating strong
coupling and weak probe beams. Coherent EIA spectra between 3PI and SPI
calculations due to magnetic field magnitude variations and ATS due to intense
coupling powers are distinguishable. The experiment is performed using a single
laser combined with two AOMs to reveal the distinct, coherent EIA spectra from
the S5PI, wherein the linewidth is limited owing to the decoherence rate between
Zeeman sublevels in the ground state from the transit-time relaxation.

We confirm for the first time that at least SPI are required for solving den-
sity matrix equations for the F, = 3 — F, = 4 transition of 85Rb atoms in the
case where a quantum axis is selected as the propagation field direction to eluci-
date experimentally observed coherent EIA spectra from nonlinear multiphoton
mixing effects.

We realize that observed asymmetrical spectra originate mainly from off-
resonant transitions (F, = 3 — F, = 2,3) instead of a transverse stray magnetic
field coming from an imperfect LMF. 3P1 calculations are sufficient to explain the
observed coherent spectra with fewer pathways connected between the sublevels
at large magnetic fields or weak coupling powers. Although there are no signifi-
cant differences between the experimental and calculated SPI results, the studies
of the detailed effects of higher photon interactions exceeding SPI on the EIA
spectra and more detailed analyses on origins of asymmetrical spectral behaviors

are the topic of next chapters.
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Chapter 5
Mechanisms of EIA and EIT Transforma-

tion

5.1 Overview

In this chapter, optical Bloch equations are solved with and without neighboring
hyperfine states near the degenerate two-level system (DTLS) in the challeng-
ing case of 83Rb D2 transition that involves the Doppler broadening effect. The
calculated spectra agree well with the experimental results obtained using the
coupling-probe scheme with orthogonal linear polarizations of the coupling and
probe fields. The mechanisms of electromagnetically induced absorption (elec-
tromagnetically induced transparency) for the open F; =3 — F, =2 and 3 transi-
tions (open Fy, =2 — F, = 2 and 3 transitions) are determined to be the effect of
the strong closed Fy = 3 — F, = 4 transition line (strong closed Fy; =2 — F, =1
transition line) based on the comparisons of the calculated absorption profiles
of a DTLS without neighboring states and those of all levels with neighboring
states depending on the coupling and probe power ratios. The crucial factors es-
tablished based on comparisons of the calculated absorption profiles of DTLS
with and without neighboring states, which enhance or reduce coherence effects
and result in transformation between electromagnetically induced absorption and
electromagnetically induced transparency, are the power ratios between coupling
and probe beams, openness of the excited state, and effects of the neighboring

states due to the Doppler broadening in a real atomic system.

5.2 Theoretical Model

This section describes a method of calculating the EIA spectra while consider-
ing the neighboring effect. As the details of the calculation have been reported
previously [21, 28, 32, 33, 73], we briefly present the method of calculation. The

energy-level diagram of D2 transition line of 83Rb atoms is presented in Fig. 5.1
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Figure 5.1: (a) Energy-level diagram of D2 transition lines of a 85Rb atom, wherein the red
and blue lines indicate transitions by the probe and coupling beams, respectively. (b) Transition
scheme with two linearly polarized coupling and probe beams in the case of F, =3 — F, = 4
transition, where “0” (blue lines) and “8,” (red lines) imply the transitions excited by the coupling
and probe beams, respectively. The excitations for the F, = 3 — F, =2 and 3 transitions are not
shown to avoid confusion.

(a). The coupling and probe beams that are linearly polarized with orthogonal
directions propagate in the same directions. The Rabi frequency and effective de-
tuning of the coupling (probe) beam are denoted by Q. (€,) and J,. (,), respec-
tively. The effective detunings are given by o, = d. — kv and 8, = d,, — kv, where
d. (d,) denotes the frequency detuning of the coupling (probe) beam, k(=27 /1)
is the wave vector, A is the resonance wavelength of the lasers, and v is the atomic
velocity. Here, d. and d), are the detunings relative to the resonance transition line
under consideration.

Because the energy separation between the hyperfine states in 5y, ground
state is approximately six times the Doppler linewidth of the atoms, we can cal-
culate the EIA spectra for the F, = 3 — F, = 2,3, and 4 transitions and F, =
2 — F, = 1,2, and 3 transitions separately. In the description of the calculation
method, the F, =3 — F, = 2,3, and 4 transitions are assumed. In a frame rotat-

ing with the coupling beam’s frequency, the density matrix describing the internal
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dynamics of the atoms is given by

. i .
p:_E[HO‘i‘Hi?p]‘i_prelax, (5-2~1)

where p is the density operator and Hy (H;) is the atomic (interaction) Hamilto-
nian.

In Eq. (3.2.1), the atomic Hamiltonian is given by

4
Hy = — Y hé.|F,=4,m)(F,=4,m|
m=—4
3
— Y n(8+As3) |F, =3,m) (F, =3,m|

m=-3

— Z h(8+As)|Fo =2,m) (F, = 2,m]|, (5.2.2)
m=-—2
where A4; is the frequency spacing between the hyperfine states |F, =4) and

|F, = j) (j =2 and 3). In Eq. (5.2.1), the interaction Hamiltonian is given by

Ho= e Y Y Y 0l ma) (Fund

q—fl F,=2m=-3

+3 Q Z Z Co" | Feym) (Fg,m| +hec., (5.2.3)
=2m=-3

where F, =3, a4 = F1 / V2, aop = 0, and h.c. denotes Hermitian conjugate. In
Eq. (5.2.3), C?;,’Z; is the normalized transition strength between states |F,,m,)
and |F,,mg) [21] and 8;(= 8, — 8 = d, — d,) is the difference in the detunings
of the probe and coupling beams. In Eq. (5.2.1), Prelax represents the terms related
to the relaxation mechanism such as spontaneous emission and transit time decay
[32, 33].

As reported previously in [21, 28, 32, 33, 73], the density matrix elements are
decomposed into various oscillation components. In the orthogonal linear polar-

ization configuration, the coupling and probe beams excite the transitions with
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Am = 0 and Am = +£1, respectively, where Am is the difference in the magnetic
quantum numbers between the sublevels under consideration. In Fig. 5.1 (b), “0”
and “6;” imply the transitions excited by the coupling and probe beams, respec-
tively. As stated earlier, 9, is the effective frequency of the probe beam relative
to the frequency of the coupling beam. The method of determining the oscillation
frequencies of the density matrix elements for the orthogonal linear polarization
configuration has been described in detail in Chap. 4 section 4.4.2. Herein, only
an explicit expansion of the density matrix elements that are responsible for the

probe absorption is given by

peFe — p(Fe) *lsdl‘ +p( ) eiédt,

mex1>8m mil’gm Cpr1:8m

where the simplified notation for the density matrix elements is given by

[ (Fe,me|p‘Fg:3,mg>.

€me 8mg

We have considered all the density matrix elements between the sublevels that are
connected via photons numbers not greater than three. The absorption coefficient

of the probe beam is thus given by

2 )
_&% dv e_(V/VmP)2
2m Q) J- \/_vmp

4
xIm | Y, Z Z axcimtaply) (5.2.4)
F,.=2g=—1m=-3 Cimtqr8m

where Ny is the atomic number density in the cell and vy, is the most probable

speed in the cell.

5.3 Experimental Setup

The coupling and probe beams are generated using a single laser (DLPro, Toptica

Inc.) combined with two AOMs in a single-pass configuration, as shown in Fig.
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Figure 5.2: Experimental setup. Component symbols: OI: optical isolator; W: window; SAS: sat-
uration absorption spectroscopy; HWP: half-wave plate; PBS: polarizing beam splitter; A: aper-
ture; QWP: quarter-wave plate; L: lens; PD: photodiode; AOM: acousto-optic modulator.

5.2. A combination of HWP and PBS-1 controls the ratio between the coupling
and probe beam’s intensities and polarizations. A weak-probe-beam power of 15
uW and a coupling beam with a scanning frequency of 5 MHz at a low coupling
power of 50 W and strong coupling power of 4 mW were used. The coupling
and probe beams were expanded five times to obtain a uniform intensity across a
4-mm diameter. The coupling beam with the scanning detuning (A) from AOM-2
is combined with the weak probe at PBS-3 and co-propagates with orthogonal
linear polarizations while maintaining an angle of intersection of approximately
0.1 mrad through the vapor cell shielded with five layers of y-metal sheets. PBS-
4 eliminates the coupling beam before detecting the probe intensity at PD. The
desired 55, — 5P;, transition of 85Rb D2 hyperfine line is locked using a satu-
ration absorption spectroscopy (SAS) setup. The experiments are performed with

85Rb atoms in a vapor cell at room temperature.

57

Collection @ chosun



5.4 Results

This section compares the theoretical results while considering resonant and all
neighboring transitions resulting in EIAs and EITs with the experimental re-
sults. We theoretically and experimentally investigate the resonance spectra for
two spectrally unresolved groups of hyperfine transitions of 3°Rb D2 lines, i.e.,
Fo=3—F =23,and 4 and F; =2 — F, = 1,2, and 3, with a weak-probe-
beam power of 15 uW and coupling beam with a scanning frequency of 5 MHz
both at a low coupling power of 50 uW and strong coupling power of 4 mW,
as shown in Fig. 5.3 and Fig. 5.4. For simplicity, we use simplified notations for
the transitions; e.g., the F, = 3 — F, = 4 transition is expressed as 3 — 4’ where
unprimed (primed) integers represent the angular momentum quantum numbers

in the ground (excited) states.

541 F,=3— F.=2,3 and 4 Transitions

Figure 5.3 presents a comparison of the calculated spectra considering (a) a pure
DTLS with transitions resonant at 3 — 2', 3 — 3/, and 3 — 4/; (b) a transition
resonant at 3 — 2’ with neighboring hyperfine transitions of 3 — 3’ and 4/, a
transition resonant at 3 — 3’ with neighboring hyperfine transitions of 3 — 2’ and
4’, and a transition resonant at 3 — 4’ with neighboring hyperfine transitions of
3 — 2’ and 3'; and (c) experimentally measured spectra with transitions resonant
at3 — 2,3 — 3', and 3 — 4’ for two different weak (50 £'W) and strong (4 mW)
coupling powers as shown in the top and bottom traces, respectively.

First, we explain the cases of a weak coupling power as shown in the top trace
of Fig. 5.3. In pure two-level calculations on the left side of the top trace, a closed
3 — 4’ transition satisfies all three necessary EIA conditions [2] and presents a
relatively strong EIA amplitude with a linewidth of 57 kHz, as expected. For open
transitions, 3 — 3’ and 3 — 2/, EIT spectra with small amplitudes and a linewidth
resolution of 46 kHz and 41 kHz are obtained, respectively. Considering all the

neighboring states near the resonant transitions of 3 — 2/, 3 — 3/, and 3 — 4’, as
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Figure 5.3: Comparison of calculated and measured spectra considering: (a) pure two-level reso-
nant transitions, i.e., 2 — 1’ ,2 — 2" and 2 — 3/, (b) transition resonant at 2 — 1’ with neighboring
hyperfine transitions of 2 — 2’ and 3/, transition resonant at 2 — 2’ with neighboring transitions
of 2 — 1’ and 3’, transition resonant at 2 — 3’ with neighboring transitions of 2 — 1’ and 3/, and
(c) experimentally measured spectra for resonant transitions 2 — 1, 2 — 2’ and 2 — 3'.

shown in the upper trace of Fig. 5.3 (b), all the resonant transitions show strong
EIAs with similar amplitudes owing to a nearby closed 3 — 4’ transition, which
exhibits strikingly similar trends in the spectra as the measured spectra. However,
the observed spectra are wider than the calculated ones. Measured ultra-narrow
EIA dips at low coupling power are resolved with linewidths of 163 kHz, 156
kHz, and 167 kHz, whereas the linewidths obtained using all the neighboring
transitions calculation are 60 kHz, 60 kHz, and 58 kHz at the 3 — 4/,3/, and 2/

transitions, respectively.
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Second, we explain the case of a strong coupling power, as shown in the
bottom trace of Fig. 5.3. In pure two-level calculations on the left side of the
bottom trace, a closed 3 — 4’ transition satisfies all three necessary EIA condi-
tions [2] and indicates a relatively strong EIA amplitude with a wide linewidth of
1.06 MHz and splits into two broad dips at the center of the spectra, resulting in
the emergence of a narrow EIT-like peak with the 117 kHz linewidth resolution.
These EIA spectra at a strong coupling power are attributed to the contributions
of positive and negative atomic velocities in the case of orthogonal polarizations,
resulting in two identical EIA spectra separated at the center after thermal aver-
aging [28]. EIT spectra with small amplitudes and wide linewidths of 194 kHz
and 122 kHz for open transitions 3 — 3’ and 3 — 2/, respectively, are obtained,
as shown in lower traces of Fig. 5.3 (a).

Including all the other adjacent transitions, such asymmetric EIA is trans-
formed into asymmetric line profiles owing to the strong neighboring effects,
which differ at the red and blue detuning regions. Considering all the neighbor-
ing states near the resonant transitions of 3 — 2/, 3 — 3’, and 3 — 4/, as shown
in the lower trace of Fig. 5.3 (b), owing to a nearby closed 3 — 4’ transition, all
the resonant transitions exhibit strong EIAs with similar amplitudes, exhibiting
strikingly similar trends in the spectra compared to the measured spectra for the
closed 3 — 4’ transition. Asymmetric dips due to two separated EIAs at a strong
power in the calculation (measurement) are broad, with linewidths of 870 kHz,
848 kHz, and 842 kHz (607 kHz, 606 kHz, and 603 kHz) in the red detuning and
narrow with linewidths of 297 kHz, 292 kHz, and 287 kHz (439 kHz, 402 kHz,
and 377 kHz) in the blue detuning at the 3 — 4/, 3, and 2’ transitions, respec-
tively. A down-shift in the relative strength of the amplitude is evident from the
narrow blue detuned side at the 3 — 4’ transition to the broad red detuned side at
the 3 — 2/ transition because of the frequency shifts toward those transitions.

The amplitude of the total spectra across the 3 — 4/, 3/, and 2’ transitions
decreases with decrease in F,. The theoretical model that considers all neighbor-
ing hyperfine states as shown in the lower trace of Fig. 5.3 (b) and experiment

as illustrated in the lower trace of Fig. 5.3 (c) agree well in terms of contrast
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and asymmetry. However, there are deviations in linewidths of approximately
100 kHz in both power regimes, which could be attributed to the effect of the
magnetic field, imperfect alignment of laser beams, and other effects that are not

included in the calculation.

542 F,=2— F.=1,2 and 3 Transitions

We further analyze the spectrally unresolved group of hyperfine transitions 2 —
1,2, and 3’ of 8°Rb D2 lines instead of F, = 3. Figure 5.4 presents a comparison
of the calculated and measured spectra considering (a) pure two-level resonant
transitions, i.e., 2 — 1/, 2 — 2’ and 2 — 3/, (b) a transition resonant at 2 — 1’
with neighboring hyperfine transitions of 2 — 2’ and 3/, a transition resonant
at 2 — 2/ with neighboring hyperfine transitions of 2 — 1’ and 3/, a transition
resonant at 2 — 3’ with neighboring hyperfine transitions of 2 — 1’ and 2/, and
(c) experimentally measured spectra for the resonant transitions of 2 — 1/,2 — 2/
and 2 — 3’ for both weak (50 W) and strong (4 mW) coupling powers as shown
in the top and bottom traces, respectively.

The calculation for a DTLS in the low-power regime reproduces ultra-narrow
EIT resonances, as expected, at 2 — 1/, 2 — 2/, and 2 — 3/ transitions, as shown
in the upper traces of Fig. 2. The obtained EIT spectra differ relatively with the
dominant EIT amplitude at the 2 — 1’ transition, as shown in the upper traces of
Fig. 5.4 (a). The obtained linewidth resolutions of the EIT spectra are 90 kHz, 60
kHz, and 130 kHz at the 2 — 3’, 2/, and 1’ hyperfine transitions, respectively.

The EIT spectra calculated while considering all the neighboring states near
the resonant state are similar in amplitude and contrast owing to the strong EIT
amplitude at the 2 — 1’ neighboring hyperfine transition, illustrated in the upper
traces of Fig. 5.4 (b). The trend in the measured spectra, as shown in Fig. 5.4 (c),
exhibits a striking similarity in amplitude and a contrast that matches well with
the calculation, as shown in Fig. 5.4 (b), while considering neighboring states.
The resolved linewidth in the low coupling power regime is approximately 114

kHz across the 2 — 3’,2/, and 1’ transitions using all the neighboring calculations,
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Figure 5.4: Comparison of calculated and measured spectra considering: (a) pure two-level reso-
nant transitions, i.e., 3 — 2/, 3 — 3’ and 3 — 4’, (b) a transition resonant at 3 — 2’ with neighboring
hyperfine transitions of 3 — 3’ and 4, transition resonant at 3 — 3’ with neighboring transitions
of 3 — 2" and 4’, transition resonant at 3 — 4’ with neighboring transitions of 3 — 2’ and 3’, and
(c) experimentally measured spectra for resonant transitions 3 — 2/, 3 — 3’ and 3 — 4'.

as shown in Fig. 5.4 (b); the resolved linewidths in the experiment, as presented
in Fig. 5.4 (c), are 157 kHz, 158 kHz, and 163 kHz at the 2 — 3’,2’, and 1/
transitions, respectively.

In the intense coupling power regime, as shown in the lower traces of Fig.
5.4, the calculation that considers the resonant states shows an increase in ampli-
tudes and linewidths of the obtained spectra at the 2 — 1’ and 2 — 2’ hyperfine
transitions. However, in violation of condition (iii) of Lezama’s necessary EIA

conditions, a weak-amplitude EIA with a linewidth resolution of 285 kHz is ob-
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tained at the 2 — 3’ hyperfine transition, as highlighted in the inset image of in
the lower traces of Fig. 5.4 (a).

Asymmetric EIT spectra of relatively similar amplitudes and linewidth reso-
lutions are obtained owing to the contributions of all the neighboring hyperfine
states with the resonant transition, as shown in the lower traces of Fig. 5.4 (b),
which matches well with the trend of the measured spectra, shown in the lower
traces of Fig. 5.4 (c). However, the experimentally measured spectra at higher
powers could not reflect the fine contrast compared to the calculation with all the
neighboring transitions shown in the lower traces of Fig. 5.4 (b). The resolved
linewidths are 388 kHz, 407 kHz, and 435 kHz (441 kHz, 418 kHz, and 479 kHz)
when using all the neighboring calculations (experiment).

The sign-inverting anomalies present at open transitions 3 — 3’ and 3 — 2’ in
the previous cases, as shown in Figs. 5.3 (b) and 5.3 (c), are not relevant to the
2 — 1,2/, and 3’ group of spectrally resolved transitions as the EIT resonances
at the 2 — 3/,2/, and 1’ transitions are expected. Instead, anomalies in the relative
strength of the amplitudes and linewidths at 2 — 3’,2’, and 1’ are evident in the
calculation on considering all the neighboring transitions and in the experiment,
as shown in the lower traces of Figs. 5.4 (b) and 5.4 (c), respectively.

From both cases of F, = 2 and 3, we observe that the power ratios between
the coupling and probe beams, the excited state’s openness, and the effects of
neighboring states due to Doppler broadening are crucial factors in enhancing or

reducing coherence effects for transformation between EIA and EIT.

5.5 Outlook

In this chapter, we solved the optical Bloch equations with and without neigh-
boring hyperfine states for all hyperfine transitions of the 3°Rb D2 lines both in
weak- and strong-coupling-power regimes while considering the Doppler effect
in an ordinary vapor cell, wherein the calculated spectra matched well with the
observed spectra. Theoretical models based on time-dependent density matrix

equations of a degenerate (a) two-level (resonant transitions) and (b) multilevel
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system including all neighboring hyperfine transitions are considered for calcu-
lating coherence effects such as EIT and EIA using thermal averaging over the
Doppler profile. EITs without neighboring effects in the case of open 3 — 2’ and
3/, i.e., a DTLS that violates Lezama’s EIA conditions, transforms into genuine
and symmetric EIAs owing to a strong 3 — 4’ EIA line with Doppler broadening
in the weak coupling and probe power regime. Previously, these EIAs at open
transitions have not been explained theoretically and observed experimentally in
the case of 3°Rb D2 lines, while asymmetric and split EIAs are observed from cal-
culated weak EITs in a DTLS in a weak probe and strong-coupling-power regime.
The reported [49, 50, 53, 55, 57-59] EIA resonances without clear quantitative
explanations for open systems of D1 lines of 8Rb and 3’Rb that violate condi-
tions (ii) and (iii) of Lezama’s EIA conditions are merely enhanced absorption
phenomena governed by a strong coupling power. These are different from the
EIAs observed and explained in the same transition configuration of F, = Fy — 1
and Fy observed in this work using weak coupling-probe powers.

The EITs without neighboring effects in the DTLS in the case of 2 — 1’
(2 — 2') remain in the EITs owing to the 2 — 2’ (2 — 1) EIT line with the
Doppler broadening in the weak probe and strong-coupling-power regime, while
weak EIAs at 2 — 3’ in the weak probe and strong-coupling-power regime, which
violates Lezama’s EIA conditions because of openness, transform into EITs.
Lezama’s EIA conditions in the cycling case of 3 — 4’ with F, < F, are also
confirmed in intense coupling and weak probe regimes. With the comparisons
of the calculated absorption profiles between a DTLS without neighboring states
and all levels with neighboring states, the power ratio between the probe and cou-
pling beams, openness of the excited state, and effects of neighboring states due
to Doppler broadening are crucial factors for enhancing or reducing coherence

effects for transformations between EIA and EIT.
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Chapter 6
Control of EIA and EIT Transformations

6.1 Overview

In this chapter, we demonstrate the effective control of the inescapable domi-
nance of neighboring hyperfine state transitions at 3"3°Rb atomic systems that
are unresolved under Doppler broadening. Polarization configuration of coupling
and probe fields results in the observation of complementary electromagnetically
induced absorption (EIA) and electromagnetically induced transparency (EIT)
resonances irrespective of closed or open degenerate systems. The dominance of
open F, =2 — F, =2 (F, =3 — F, = 2) D2 transitions in the case of linear par-
allel polarization of coupling and probe fields in low power regime results in the
observation of EITs at neighboring closed Fy =2 — F, =3 (F, =3 — F, = 4)
transitions that are, otherwise dominant transitions considering linear orthogo-
nal and both parallel and orthogonal circular polarization cases resulting in EIAs
atopen F; =2 — F, =1 and 2 (F; =3 — F, = 2 and 3) D2 transitions of 8’Rb
(33Rb), respectively. Theoretical calculations considering Doppler broadening ef-
fects with neighboring hyperfine states in Optical Bloch equations explain the
experimental spectra well. We also calculate the limiting coefficients of elliptic-
ity and energy level separation to determine the type of (EIT/EIA) resonance at
87.85Rb D2 lines.

6.2 Theoretical calculation

Theoretical model developed in Chap. 5 Sec. 5.2 is extended to consider the co-
efficients of electric field components of coupling and probe beam specific to the
polarization configuration. Hence, the interaction Hamiltonian presented in Eq.
5.2.3 Sec. 5.2 for Fy =3 — F, = 2,3, and 4 of 85Rb D2 transition is updated for
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Fo=2—F,=1,2,and 3 of 87Rb D2 transition given as
f " 1 3 2 oo
- €7m
Hi = 5Qpe ' Zl Zl Zzaqclm U|Fe,m+q) (Fg,m|
qg=—1F,=1m=—

3 2
Q) Y byCs) |Feym) (Fgym| +hec., (6.2.1)
F,=1m=-2

N S+

+

where Fy =2, a4 = F1/V2, ap =0, and by = F1/v/2, ag = 0 are the coef-
ficient of the electric field of the probe (coupling) beam in the spherical bases,

respectively and h.c. denotes Hermitian conjugate.
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Figure 6.1: Level schemes considered in case of F, =2 — F, = 3 transition with two coupling
and probe beams in (a) linear orthogonal (L 7), (b) Linear parallel (zt||7), (c) circular orthogonal
(0 Lo), and (d) circular parallel (o||o) polarization configuration, where “0” (blue lines) and
“84” (red lines) imply the transitions excited by the coupling and probe beams, respectively. The
excitations for the F; =2 — F, = 1 and 2 transitions are not shown to avoid confusion.
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Figure 6.1 shows the level schemes considered for the four polarization cases,
where (a) linear orthogonal (L 1), (b) Linear parallel (r||7), (c) circular orthog-
onal (0 Lo), and (d) circular parallel (c| o) polarization configuration, where
“0” (blue lines) and “d,” (red lines) imply the transitions excited by the coupling
and probe beams, respectively. Considering the circular orthogonal polarization
of coupling and probe beams (o _Lo) as shown in Fig. 6.1(c), coefficient of the
electric field a4 (b,) in Eq. 6.2.1 can be calculated as

ar = —=(l+sin2¢)— % (cos2e),

b = +

D =N =

(1 —sin2¢) + é (cos2e)

where € is the angle between the incident field vector and the optic axis of QWP.

6.3 Experimental Setup

A schematic diagram of the experimental setup is shown in Fig. 6.2. Coupling
and probe beam is generated using a single tunable external cavity diode laser
(DLPro, Toptica Inc.). Saturation absorption spectroscopy (SAS) setup is utilized
to lock the desired 55/, — 5P, transition of 87Rb and 3°Rb D2 hyperfine line.
A half-wave plate (HWP) and a polarizing beam splitter (PBS-1) are combined
to separate and maintain 50 uW-15 uW power ratio between the coupling and
probe beam intensities, respectively.

Effective scanning detuning (A) of the coupling beam is obtained by trans-
mitting it through two acoustic optic modulators (AOMs) in a single-pass config-
uration. Both coupling and probe beams are expanded by five times to obtain a
uniform intensity across a 4-mm diameter. Desired polarization configuration of
coupling and probe beams is controlled by a combination of HWP and quarter-
wave plates (QWP), and a beam splitter (BS) is used to overlap the co-propagating
coupling and probe beams upon a vapor cell. An intersection angle of ~ 0.1 mrad

is maintained to separate the probe beam at the photodetector (PD).
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Figure 6.2: Schematic of the experimental setup. Component symbols: OI: optical isolator; W:
window; SAS: saturation absorption spectroscopy; HWP: half-wave plate; PBS: polarizing beam
splitter; QWP: quarter-wave plate; L: lens; PD: photodiode; AOM: acousto-optic modulator.

The experiments are performed at room temperature with 8’Rb and ®Rb
atoms confined in a reference vapor cell with the natural isotope ratio of Rb,
which is 27.85% 3'Rb and 72.15% % Rb. The vapor cell is shielded with five lay-
ers of u-metal sheets to remove the effect of stray and earth’s magnetic fields

inside the cell.

6.4 Results and Discussion

Spectrally resolved group of F; =2 — F, =1,2,3 and F; =3 — F, =2,3,4
transitions of 8’Rb and 8Rb D2 lines respectively are measured and calculated
with respect to coupling and probe polarizations in low coupling-probe (50 'W-
15 uW) power ratio regime. Henceforth, simplified notations are used for the

transitions: i.e. F; =2 — F, = 3 transition is expressed as 2 — 3’ were primed
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(unprimed) integer represents the angular quantum number of ground (excited)
state. The results are analyzed according to the polarization configuration of cou-
pling and probe fields presented in four subsections: i.e. (A) linear orthogonal
(nLx), (B) linear Parallel (7||7), (C) circular orthogonal (6 L o), and (D) circu-
lar parallel (o||o) case for ’Rb and 3°Rb D2 lines, respectively in Figs. 6.3 to
6.6.

In each of the Figs. 6.3 to 6.6, top traces presented horizontally as (a-c) are for
spectraat 2 — 1/,2 — 2/, and 2’ — 3 transitions of 8’Rb D2 lines. While, bottom
traces presented as (d-f) are for spectra at 3 — 2/, 3 — 3/ and 3 — 4/ transitions
of 8Rb D2 lines. Comparison of the theoretical calculation considering only res-
onant transitions are presented vertically in Figs. (a,d), calculation considering
resonant transition with inclusion of all neighboring transitions are presented in

(b,e), and the measured experimental results are presented in (c,f).

6.4.1 Linear Orthogonal (71 )

Comparison of calculated and measured spectra of 8’Rb D2 lines in linear or-
thogonal (_L ) configuration of coupling and probe laser fields is shown in top
traces of Fig. 6.3 considering: (a) pure DTLS with resonant transitions on i.e.
2—1,2—2"and 2 — 3/, (b) considering transition resonant on 2 — 1’ with
neighboring hyperfine transitions of 2 — 2" and 3’, transition resonant on 2 — 2
with neighboring transitions of 2 — 1’ and 3/, and transition resonant on 2 — 3’
with neighboring transitions of 2 — 1’ and 2/, and (c) experimentally measured
spectra for the resonant transitions 2 — 1’,2 — 2" and 2 — 3.

Relatively strong EIA amplitude with ultra narrow linewidth resolution of 45
kHz is obtained at 2 — 3’ closed transition considering pure DTLS calculation
that satisfies all necessary EIA conditions [2] as shown in the top trace of Fig.
6.3(a). In the case of closed transitions 2 — 1’ and 2 — 2’ weak amplitude EITs
with the linewidths 54 kHz and 70 kHz, respectively are obtained. Spectra ob-
tained by considering all neighboring states near the resonant 2 — 1/, 2 — 2" and

2 — 3’ show EIAs due to the dominant 2 — 3’ closed transition as shown in Fig.
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Figure 6.3: Comparison of calculated and measured spectra in case of linear orthogonal config-
uration of coupling and probe laser fields. Spectra resolved for Fy, =2 — F, = 1,2,3 of 87Rb
are shown in top traces (a-c) and spectra resolved for F, =3 — F, = 2,3,4 of3°Rb D2 lines
are shown in bottom traces (d-f). Calculation considering a pure DTLS with resonant transitions
only e.g 2 — 3’ and 3 — 4’ shown vertically in (a,d), respectively, calculation considering all
neighboring hyperfine transitions near the resonant transition e.g transition resonant on 2 — 3/
with neighboring transitions of 2 — 1’ and 2’ (b,e), and experimentally measured spectra for the
resonant transitions only e.g 2 — 3’ and 3 — 4’ (c,f).

6.3(b), which strikingly show similar trends with the experimentally measured

spectra shown in Fig. 6.3(c).
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Relative amplitude of EIAs show a decreasing trend with decreasing excited
state angular quantum number F, both in calculation considering all neighboring
states and the experiment. The observed difference in amplitude is due to en-
ergy difference between 2 — 1" and 2 — 2/ excited state hyperfine levels that are
426.59 MHz and 266.65 MHz apart 2 — 3’ closed transition. The linewidths ob-
tained are 77 kHz, 80 kHz, and 90 kHz (84 kHz, 91 kHz, and 96 kHz) at 2 — 1/,
2 — 2" and 2 — 3’ transitions in case of all neighboring calculation (Fig. 6.3(b))
and experiment (Fig. 6.3(c)), respectively

Comparison of calculated and measured spectra of 3°Rb D2 lines in linear
orthogonal configuration of coupling and probe laser fields is shown in bottom
traces of Fig. 6.3 considering: (d) pure DTLS with resonant transitions on i.e.
3—2,3— 3" and 3 — 4, (e) considering transition resonant on 3 — 2’ with
neighboring hyperfine transitions of 3 — 3’ and 4/, transition resonant on 3 — 3/
with neighboring transitions of 3 — 2" and 4/, transition resonant on 3 — 4’ with
neighboring transitions of 3 — 2’ and 3/, and (f) experimentally measured spectra
for the resonant transitions 3 — 2/, 3 — 3/ and 3 — 4'.

Similar trends are obtained in analogy to the compared spectra at 2 — 1/, 2/,
and 3’ of ’Rb D2 lines shown in Fig. 6.3 (a-c). Figure 6.3(d) shows pure DTLS
calculation, as expected strong amplitude EIA at 3 — 4’ closed transition and
EITs at 3 — 2’ and 3 — 3’ open transitions are resolved with linewidth of 59 kHz,
48 kHz and 42 kHz, respectively. However, calculated spectra considering all
neighboring states near the resonant transitions 3 — 2/, 3’, and 4’ of 3 Rb D2 lines
and experiment show relatively similar trends in amplitudes of EIAs as shown in
Figs. 6.3(e) and 6.3(f). Small decrease in amplitude is obtained with decreasing
angular quantum number of excited states compared to the case of 2 — 1/, 2/, and
3’ of 3’Rb D2 lines given in Figs. 6.3(b) and 6.3(c) . This can be explained due
to higher transition strength at 3 — 4’ closed transition in case of 3°Rb D2 lines
and smaller energy difference between excited-state hyperfine levels 3 — 2’ and
3’ that are 184 MHz and 120.6 MHz apart 3 — 4’ closed transition, respectively.
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6.4.2 Linear Parallel (7||7)
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Figure 6.4: Comparison of calculated and measured spectra in case of linear parallel (|| 7) con-
figuration of coupling and probe laser fields. Spectra resolved for F, =2 — F, = 1,2,3 of 3’Rb
are shown in top traces (a-c) and spectra resolved for F, =3 — F, = 2,3,4 ofRb D2 lines
are shown in bottom traces (d-f). Calculation considering a pure DTLS with resonant transitions
only e.g 2 — 3’ and 3 — 4’ shown vertically in (a,d), respectively, calculation considering all
neighboring hyperfine transitions near the resonant transition e.g transition resonant on 2 — 3
with neighboring transitions of 2 — 1’ and 2’ (b,e), and experimentally measured spectra for the
resonant transitions only e.g 2 — 3" and 3 — 4’ (c,f).
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Comparison of calculated and measured spectra of 8’Rb D2 lines with linear
parallel coupling and probe configuration is shown in Fig. 6.4 considering: (a)
pure DTLS with resonant transitions on i.e. 2 — 1/, 2 — 2" and 2 — 3/, (b) con-
sidering transition resonant on 2 — 1’ with neighboring hyperfine transitions of
2 — 2’ and 3, transition resonant on 2 — 2’ with neighboring transitions of 2 — 1/
and 3/, transition resonant on 2 — 3’ with neighboring transitions of 2 — 1’ and
2/, and (c) experimentally measured spectra for the resonant transitions 2 — 1/,
2—2and2 — 3.

Allowed transitions in the linear parallel configuration of coupling and probe
laser fields result in separate two-levels systems that effectively decouple neces-
sary N-type coherences. In addition, m = 43 hyperfine states are transparent to
coupling and probe fields. Thus, spectra obtained considering a pure DTLS pre-
dicts a weak amplitude of EIA with 80 kHz linewidth at 2 — 3’ closed transition
compared to a strong EIT peak with 79 kHz linewidth at 2 — 2’ open transition as
shown in the top and the middle trace of Fig. 6.4(a), respectively. This strong am-
plitude EIT at 2 — 2/ open transition dominates the spectra obtained considering
all neighboring states calculation and resonant measurements in the experiment
at2 — 1’,2 — 2" and 2 — 3/ transitions shown in Figs. 6.4(b) and 6.4(c). Weak
and asymmetric EIT peak with linewidth resolution of 50 kHz (75 kHz) at 2 — 3’
closed transition, while strong amplitude EITs with linewidths of 58 kHz and 68
kHz (171 kHz and 188 kHz) at 2 — 1’ and 2 — 2’ open transitions are obtained
considering all neighboring states calculation (experiment).

Spectra calculated considering all neighboring states model predicts the strongest
EIT amplitude at 2 — 1’ transition although in pure DTLS calculation EIT at
2 — 2/ open transition is dominant as shown in bottom and middle trace of Figs.
6.4(b) and 6.4(a), respectively. This increase in amplitude of EIT at 2 — 1’ open
transition can be explained as a result of strong influence of EIT at 2 — 2" open
transition, while EIA at neighboring 2 — 3’ closed transition weakly contributes
to obtained EIT at 2 — 2’ open transition.

Comparison of calculated and measured spectra of 8°Rb D2 lines with linear

parallel coupling and probe configuration is shown in Fig. 6.4 considering: (d)
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pure DTLS with resonant transitions on i.e. 3 — 2, 3 — 3’ and 3 — 4'), (e) con-
sidering transition resonant on 3 — 2" with neighboring hyperfine transitions of
3 — 3’ and 4, transition resonant on 3 — 3’ with neighboring transitions of 3 — 2’
and 4/, transition resonant on 3 — 4’ with neighboring transitions of 3 — 2" and
3/, and (f) experimentally measured spectra for the resonant transitions 3 — 2/,
3—+3and3 —4.

Trends in the spectra obtained at 3 — 2/, 3 — 3’ and 3 — 4’ transitions of 3°Rb
D2 lines as shown in bottom traces (d-f) of Fig. 6.4 are quite similar to the ’Rb
D2 lines presented in top traces (a-c) of Fig. 6.4. However, an increase in the am-
plitude of EIT at 3 — 4’ closed transition is observed due to small energy splitting
between excited-states hyperfine levels. Considering pure DTLS calculation ETA
spectra at 3 — 4’ closed transition is resolved with linewidth of 84 kHz, while
EITs at 3 — 3’ and 3 — 2/ are resolved with 74 kHz and 67 kHz linewidths, re-
spectively as shown in Fig. 6.4(d). Spectra obtained considering all neighboring
states calculation (experiment) are resolved with a linewidth of 59 kHz, 61 kHz,
and 50 kHz (180 kHz, 192 kHz, and 167 kHz) EITs. Comparatively, small ampli-
tudes and large linewidths of the EITs are measured in the experimental spectra
due to possible leakage of coupling laser at the detector and polarization impurity
of the fields.

6.4.3 Circular Orthogonal (c1.0)

Comparison of calculated and measured spectra of ’Rb D2 lines with circular
orthogonal coupling and probe configuration is shown in top traces of Fig. 6.5
considering: (a) pure DTLS with resonant transitions on i.e. 2 — 1/, 2 — 2’ and
2 — 3, (b) considering transition resonant on 2 — 1’ with neighboring hyper-
fine transitions of 2 — 2" and 3/, transition resonant on 2 — 2" with neighboring
transitions of 2 — 1’ and 3’, transition resonant on 2 — 3’ with neighboring tran-
sitions of 2 — 1’ and 2/, and (c) experimentally measured spectra for the resonant
transitions 2 — 1,2 =2 and 2 — 3'.

In a pure DTLS calculation, obtained spectra at 2 — 3’ closed transition shows
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Figure 6.5: Comparison of calculated and measured spectra in case of circular orthogonal (¢ L0)
configuration of coupling and probe laser fields. Spectra resolved for F, =2 — F, = 1,2,3 of
87Rb are shown in top traces (a-c) and spectra resolved for F, =3 — F, = 2,3,4 of*>Rb D2 lines
are shown in bottom traces (d-f). Calculation considering a pure DTLS with resonant transitions
only e.g 2 — 3’ and 3 — 4’ shown vertically in (a,d), respectively, calculation considering all
neighboring hyperfine transitions near the resonant transition e.g transition resonant on 2 — 3/
with neighboring transitions of 2 — 1’ and 2’ (b,e), and experimentally measured spectra for the
resonant transitions only e.g 2 — 3" and 3 — 4’ (c,f).

a strong EIA amplitude with a broad linewidth of 406 kHz, which splits at the cen-
ter into two broad dips resulting in a narrow EIT like the peak of 58 kHz linewidth
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as shown in Fig. 6.5(a). The contribution of negative and positive atomic veloc-
ities in the case of orthogonal polarizations results in two identically separated
EIA signals at the center of the spectra after Doppler averaging [28]. However,
the split in the case of circular orthogonal polarization is observed at low coupling
power due to transfer of coherence that is different from the linear orthogonal po-
larization case where splitting appears near the saturation of excited state due to
power broadening [73]. Relatively weak amplitude EITs with linewidths 66 kHz
and 42 kHz are obtained at 2 — 1’ and 2 — 2’ open transitions respectively as
shown in the lower traces of Fig. 6.5(a). While spectra calculated considering all
neighboring states and experimentally measured show split and asymmetric EIAs
at 2 — 2’ open transition, due to the strong influence of the dominant 2 — 3’
closed transition shown in the top and middle traces of Figs. 6.5(b) and 6.5(c), re-
spectively. However, spectra at 2 — 1’ open transition show weak EIA amplitude
asymmetrically split at center with linewidth resolutions of 53 kHz (103 kHz)
considering all neighboring calculations (experiments) shown in bottom traces of
Figs. 6.5(b) and 6.5(c).

Comparison of calculated and measured spectra of 3Rb D2 lines with circu-
lar orthogonal coupling and probe configuration is shown in botom traces of Fig.
6.5 considering: (d) pure DTLS with resonant transitions on i.e. 3 — 2/, 3 — 3’
and 3 — 4/, (e) considering transition resonant on 3 — 2’ with neighboring hyper-
fine transitions of 3 — 3/ and 4/, transition resonant on 3 — 3’ with neighboring
transitions of 3 — 2’ and 4/, transition resonant on 3 — 4’ with neighboring tran-
sitions of 3 — 2’ and 3, and (f) experimentally measured spectra for the resonant
transitions 3 —+2/,3 — 3’ and 3 — 4'.

Obtained spectral profiles at 3Rb D2 lines shown in Fig. 6.5 (d-f) are simi-
lar to presented case of 3’Rb D2 lines in Fig. 6.5 (a-c), symmetric spectra with
relatively strong amplitude of EIA profile at 3 — 4’ closed transition of 33Rb D2
line and EITs at 3 — 2’ and 3 — 3’ open transitions are obtained as shown in Fig.
6.5(d), considering pure DTLS calculation. Linewidth resolution of the broad EIA
is 293 kHz with the resolved center split of 41 kHz in linewidth at 3 — 4’ closed
transition. While, EITs at 3 — 2’ and 3 — 3/ open transitions are resolved with 65
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kHz and 39 kHz linewidth. Spectra obtained considering all neighboring states
calculation and experiment show similar asymmetric and splitted EIA profiles at
all resonant 3 — 2/, 3 — 3’ and 3 — 4’ hyperfine transitions as shown in Figs.
6.5(e) and 6.5(f), respectively. However, amplitudes of the EIAs obtained in case
of 8Rb D2 lines shown in Figs. 6.5(e) and 6.5(f) are approximately equal due to
close excited state hyperfine levels in comparison to 8’Rb D2 lines as presented
in Figs. 6.5(b) and 6.5(c) considering all neighboring calculation and experiment,

respectively.

6.4.4 Circular Parallel (c||0)

Comparison of calculated and measured spectra of 8’Rb D2 lines with circular
parallel coupling and probe configuration is shown in Fig. 6.6 considering: (a)
pure DTLS with resonant transitions oni.e. 2 — 1/, 2 — 2" and 2 — 3/, (b) con-
sidering transition resonant on 2 — 1’ with neighboring hyperfine transitions of
2 — 2’ and 3, transition resonant on 2 — 2’ with neighboring transitions of 2 — 1/
and 3/, transition resonant on 2 — 3’ with neighboring transitions of 2 — 1’ and
2/, and (c) experimentally measured spectra for the resonant transitions 2 — 1/,
2—2 and2 — 3.

Relatively strong EIA amplitude with narrow linewidth resolution of 58 kHz
at 2 — 3’ closed transition and weak EITs with linewidths of 57 kHz and 73
kHz at 2 — 1’ and 2 — ‘2 open transitions are obtained considering pure DTLS
calculation as shown in Fig. 6.6(a). However, spectra obtained considering all
neighboring transitions and experiment show striking similarity in the trends pre-
sented in Figs. 6.6(b) and 6.6(c). EIT at 2 — 1’ open transition while EIAs at
2 — 2/ open and 2 — 3’ closed transitions are resolved with linewidths of 69
kHz, 47 kHz, and 54 kHz (91 kHz, 41 kHz, and 117 kHz) considering all neigh-
boring transitions calculation (experiment), respectively. Strong EIA amplitude
due to same polarizations between coupling and probe fields result from transfer
of population [29] producing coherences between the same magnetic sublevels at

2 — 3/ closed transition which dominates the near neighboring 2 — 2’ open tran-

77

Collection @ chosun



Resonant Transitions All Neighboring Transitions Experiment
Calculation Calculation

¥Rb (511 5)
Fg:24- F C:3

Transmission (arb. units)

F=0—+=F=2 A
g e

F=2—F =1
g €

-
3

(a) (b) (c)

BRb (G 110)
F=3—F =4
g €

Transmission (arb. units)

FE3—=F 22 \

.

| @ ﬁ 0

000 0.75 075 000 0.75 075 0.00 0.75
Coupling Detuning (MHz) ~ Coupling Detuning (MHz) Coupling Detuning (MHz)

Figure 6.6: Comparison of calculated and measured spectra in case of circular parallel (c|/o)
configuration of coupling and probe laser fields. Spectra resolved for Fy =2 — F, = 1,2,3 of
87Rb are shown in top traces (a-c) and spectra resolved for F, =3 — F, =2,3,4 ofRb D2 lines
are shown in bottom traces (d-f). Calculation considering a pure DTLS with resonant transitions
only e.g 2 — 3’ and 3 — 4’ shown vertically in (a,d), respectively, calculation considering all
neighboring hyperfine transitions near the resonant transition e.g transition resonant on 2 — 3/
with neighboring transitions of 2 — 1’ and 2’ (b,e), and experimentally measured spectra for the
resonant transitions only e.g 2 — 3’ and 3 — 4’ (c,f).

sition to transform into EIA shown in middle traces of Figs. 6.6(b) and 6.6(c),

while 2 — 1’ open transition is effectively influenced by near neighboring 2 — 2’
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open transition resulting in relatively strong amplitude of EIT as shown in bot-
tom traces of Figs. 6.6(b) and 6.6(c) in comparison to the amplitude obtained
considering pure DTLS as shown in bottom trace of Fig. 6.6(a).

Comparison of calculated and measured spectra of 3Rb D2 lines with circu-
lar parallel coupling and probe configuration is shown in Fig. 6.6 considering: (d)
pure DTLS with resonant transitions on i.e. 3 — 2/, 3 — 3’ and 3 — 4’, (e) con-
sidering transition resonant on 3 — 2" with neighboring hyperfine transitions of
3 — 3’ and 4/, transition resonant on 3 — 3’ with neighboring transitions of 3 — 2’
and 4/, transition resonant on 3 — 4’ with neighboring transitions of 3 — 2’ and
3’, and (f) experimentally measured spectra for the resonant transitions 3 — 2,
3—3and3 —4.

In pure DTLS calculation shown in Fig. 6.6(d), strong amplitude EIA dip with
59 kHz linewidth at 3 — 4’ transition and EITs at 3 — 2’ and 3 — 3’ transition
with 79 kHz and 69 kHz linewidths are well resolved as expected. Spectral fea-
tures at 3 — 2/, 3 — 3’ and 3 — 4’ transitions of 85Rb D2 lines show similar
trends to those calculated for 8’Rb D2 lines presented in Fig. 6.6(a). However, in
comparison to obtained spectra at 8’Rb D2 lines calculation considering all neigh-
boring states and experiment show EIAs at all the resonant 3 — 2/, 3 — 3’ and
3 — 4/ transitions of 3°Rb atoms due to strong Doppler overlapping between ex-
cited states hyperfine levels as shown in Figs. 6.6(e) and (f), respectively. EIAs are
resolved with 49 kHz, 49 kHz, and 50 kHz (62 kHz, 85 kHz, 137 kHz) linewidths
considering all neighboring states calculation (experiment) at 3 — 2, 3 — 3 and
3 — 4 transitions, respectively.

Dominating upper ground states closed transitions 2 — 3’ and 3 — 4’ of 3Rb
and 8 Rb D2 lines effectively control the sign of observed EIA or EIT resonance.
Spectra calculated and measured for lower ground states hyperfine transitions
i.e. open transitions 1 — 0/, 1/, 2" and 2 — 1/, 2/, 3’ of 8’Rb and ®Rb D2 lines
(not presented in this report) show relatively similar amplitudes of EITs consider-
ing all neighboring transitions calculation and experiment. However, no evident
change in signs of the EIT resonances are noted at 1 — 0/, 1/,2" and 2 — 1/, 2/,
3’ of 8’Rb and #Rb D2 lines due to openness of these transitions utilizing the ex-
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perimental parameters and polarization configurations of the coupling and probe
fields presented in this report.

In comparison between spectra obtained at ’Rb and 8°Rb D2 lines, the model
predicts the spectral profile differences due to the difference between excited
states energy level splitting, which in the case of 3’Rb D2 lines is relatively large,
although it does not exceed the effective Doppler overlapping in practical test
systems. However, the weak amplitude of the experimentally measured spectra
mainly results in the linewidth difference compared to all neighboring transitions
calculations. Factors such as the small overlapping angle between coupling and
probe fields, considerable maintained distance (~ 20 m) of the detector to sep-
arate the fields at detection, and polarization impurity of the fields may be the

reason for the loss in the amplitude of the probe field signal.

6.5 Outlook

Observed EIAs at both closed and open transitions can be transformed to EITs
and vice versa by controlling the polarization of coupling and probe beams. Effect
of neighboring hyperfine levels with the inclusion of Doppler broadening effects
in coupling-probe spectroscopy configuration dominates the calculated spectra
using Optical Bloch equations for 8’Rb and #Rb atomic systems that are unre-
solved under Doppler broadening effects. Closed transitions 2 — 3 and 3 — 4
effectively control the sign of observed EIA or EIT resonance at 2 — 1, 2 and
3 — 2,3 of Rb and %°Rb D2 lines.

Spectral trends such as asymmetry and sign of the EIT/EIA resonances ob-
tained experimentally and calculated considering all neighboring hyperfine levels
match quite well in all the presented polarization configurations of coupling and
probe fields. Observed EIAs at all transitions of 2 — 1, 2, 3 and 3 — 2, 3, 4 of
87Rb and 85Rb D2 lines respectively transform to EITs utilizing linear parallel
polarization of coupling and probe laser beams in low power ratio regime.

Strongly coupled degenerate states forming N-type systems at closed domi-

nant transitions 2 — 3 and 3 — 4 in orthogonal linear, and in both orthogonal and
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parallel circular configurations of coupling-probe fields effectively enhance the
EIA strengths influencing the neighboring open transitions 2 — 1,2 and 3 — 2, 3
of 8’Rb and 3°Rb D2 lines, respectively. However, in linear parallel configuration
separated two-level systems at 2 — 3 and 3 — 4 closed transitions and decou-
pled m = 43 and +4 degenerate states effectively reduce the coherence strength
effectively reducing EIAs. Although, open transitions 2 — 1, 2 and 3 — 2, 3 re-
main strongly coupled thus resulting in higher strength of EITs influencing the
expected EIAs at neighboring closed transitions 2 — 3 and 3 — 4 to transform
into EITs.
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Chapter 7
Project Outlook

7.1 Overview

In this chapter, we highlight some of the conclusions drawn based on the results

analysis, limitations of our proposed works, and future directions.

7.2 Conclusions

This thesis investigated degenerate two-level atomic systems (DTLS) utilizing
coupling-probe spectroscopy configuration. Specifically, we focused on sub-natural
width electromagnetically induced absorption (EIA) and electromagnetically in-
duced transparency (EIT) resonances associated with the coherent interaction of
coupling and probe light fields. The main results concern the experimental mea-
surement of rubidium (Rb) D2 transition lines confined in an atomic vapor cell at
room temperature (20°C). Essential spectroscopic features depending on physical
observables such as probe absorption, three-photon interaction (3PI), five-photon
interaction (5PI), Doppler broadening, and effects due to neighboring hyperfine
states are analyzed theoretically as a function of physical parameters such as ex-
ternal magnetic field, coupling and probe power ratio, polarization, and atomic
level characteristics to obtain the coherent control of these resonances in the re-
alistic test systems.

We present experimental and theoretical verification of the higher-order mul-
tiphoton oscillation frequency mixing dependence on the choice of quantum axis
selected as the propagation direction of co-propagating coupling and probe laser
beams and coupling powers. Distinct calculated spectral differences between 3PI
and 5PI owing to variations in the magnetic field and coupling power are con-
firmed for the first time. Experimentally observed coherent EIA spectra at the
Fy =3 — F, = 4 transition of 85Rb atoms using two orthogonal linear polariza-
tions of intense coupling and weak probe beams as a function of static longitu-
dinal magnetic field and coupling powers match very well with those calculated

by considering SPI in Optical Bloch equations (OBEs). Subsequently, asymme-
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tries in the observed spectra are explained due to close neighboring hyperfine
transitions calculated from five-photon interactions considering the off-resonant
F, =3 — F, = 2,3 transitions.

Furthermore, we show that in unresolved real atomic systems such as 8587Rpb
neighboring hyperfine states play an inevitable role in enhancement or reduction
of the coherent effects due to Doppler broadening, which results in the transfor-
mation between EIA and EIT. Optical Bloch equations (OBEs) in the challeng-
ing case of 89Rb D2 transition that involves the Doppler broadening effects are
solved with and without considering neighboring hyperfine states near the degen-
erate two-level system (DLTS). Comparisons based on the calculated absorption
profiles of a DTLS with and without considering neighboring states depending on
the coupling and probe power ratios clearly verify the experimentally measured
EIA(EIT) at the open F, =3 — F, = 2 and 3 transitions (open F, =2 — F, =2
and 3 transitions) due to the strong closed F, = 3 — F, = 4 transition line (strong
closed Fy =2 — F, = 1 transition line).

Finally, we present theoretical and experimental verification of a simple method
to coherently control the EIA and EIT resonances in unresolved 83-87Rb atomic
systems by controlling the polarization of coupling and probe laser fields in
coupling-probe spectroscopy configuration. Observed EIAs at both closed and
open transitions of 8’Rb and #Rb D2 lines atomic systems can be transformed to
EITs and vice versa by controlling the polarization of coupling and probe beams
in the low coupling-probe power regime. The transformations are determined to
be the effect of neighboring hyperfine levels by comparing the measured and
theoretically calculated spectra considering Doppler broadening effects with the
inclusion of neighboring hyperfine levels in Optical Bloch equations.

Genuine, coherent spectral shapes are observed with a single external cavity
diode laser combined with two acousto-optic modulators. The spectral resolu-
tion is limited because of the decoherence rate between Zeeman sublevels in the

ground state from transit-time relaxation.
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7.3 Limitations

Limitations of the presented study are as follow::

1. In theory, we assume overlapping between copropagating coupling and
probe beams to be collinear. However, an intersection angle of ~ 0.1 mrad
between coupling and probe beams in the experiment is imperative to elimi-
nate the coupling beam at the detector. Consequently, considerable distance
with the detector is maintained to separate the probe, resulting in loss of

probe amplitude.

2. In the experiment, scanning AOM determines the coupling-probe spectral
resolution and is therefore limited to the center frequency bandwidth of

AOM, which in our setup has a typical value of 30 kHz.

3. The dynamics of atom-light interactions presented here exhibit new fea-
tures specific to the interaction schemes of a degenerate multilevel atomic

system.

7.4 Future directions

In the future, we would like to enhance the existing study in the following direc-

tions.

1. We will pursue the study of detailed higher photon interaction effects ex-
ceeding SPI on the coherent EIA spectra concerning the intensity of the

coupling laser field.

2. Recently, it is shown in [78] that laser phase noise due to the independent
coupling-probe laser sources hinders in observation of narrow spectral lines
of polarization rotation spectra. An experiment is planned to observe such
narrow signals using an AOM and laser with a narrow linewidth. Addition-
ally, density matrix equations considering neighboring hyperfine states can

clarify the observed spectra due to Doppler broadening effects.
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