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Abstract

Study on Tunable and Two-color Modulation Transfer
Spectroscopy and Neighboring Effects on Electromagnetically
Induced Absorption and Transparency Using D2 Transition Line of
Rb Atoms

Aisar ul Hassan
Advisor: Prof. Jin-Tae, Kim
Department of Photonic Engineering

Graduate School of Chosun University

This thesis focuses on two different themes such as modulation transfer spec-
troscopy (MTS) and neighboring effects on electromagnetically induced absorp-
tion (EIA) and electromagnetically induced transparency (EIT). MTS generates
a dispersive-like signal with zero background, which is good for laser frequency
locking without direct modulation of the probe laser. Additionally, MTS produces
strong signals for cycling transitions, which is useful in cycling cases where hy-
perfine spacing is small and saturation absorption signals are weak. The MTS
signals are generated for the F, = 3 — F, = 4 transition of 85Rb and the Fo =2
— F, = 3 transition of 3’Rb atoms for the robust frequency stabilization of the
laser. To further demonstrate how this method can be used to generate a single,
distinct line for laser frequency stabilization when multiple closely spaced hyper-
fine transitions are present, we also obtain the MTS signal for the F, =2 — F, =1
transition of 8°Rb. The MTS signals obtained with one laser have been compared
to those of two-color MTS (TCMTS).

Secondly, V-type TCMTS has been demonstrated experimentally and theo-
retically for the D2 line of Rb atoms, considering Zeeman sublevels to solve the

optical Bloch equation. The probe beam is resonant on F, =3 — F, =2, 3, and



4 transitions of 3°Rb and F,=2 = F,=1,2, and 3 of 87Rb with scanning and
modulating pump beam across F, = 3 — F, = 4 transition of 85Rb and Fo=2—
F, = 3 of 3'Rb, respectively. This method has the advantage that various config-
urations of pump and probe beams, etc., can be prepared. The calculated results
of TCMTS using optical Bloch equation match well with the experimentally ob-
tained ones. Thus, we have spectroscopic tools to do MTS for high-lying excited
states with various configurations of pump and probe beams.

Thirdly, the tunable characteristics of the MTS, which generate a dispersive-
like tunable reference signal that does not compromise on amplitude and signal
gradient, have also been investigated. The Tunable Modulation Transfer Spec-
troscopy (TMTS) generated for Fg =3 — F, =4 and F, =2 — F, = 1 transitions
of 83Rb are used for Type I and Type IT magneto-optical trapping (MOT) of atoms
in the F, = 3 and F, = 2 energy levels of the 55 ; ground state, respectively. For
F, =2 — F, = 1 cycling transition F, < Fg, the ground and excited Zeeman sub-
levels do not couple, which makes the excited hyperfine level the dark state and
do not contribute to the trapping so that weak trapping force happens. Laser trap-
ping for atoms in lower ground state hyperfine energy levels has been reported
only using polarization spectroscopy.

Next, the influence of neighboring transitions on electromagnetically induced
absorption (EIA) and electromagnetically induced transparency (EIT) with re-
spect to the angle between the polarization axes of the coupling and probe beams
has been investigated for the D2 transition line of Rb. The angle between the po-
larization axes of the coupling and probe beams plays a major role in switching
from EIA to EIT or vice versa along with the influence of neighboring hyper-
fine energy levels. The critical angles for coherent control of EIA and EIT are
obtained from the experiment and theory using optical Bloch equations. The the-
oretical critical angles match well with experimental ones.

Lastly, effects of neighboring transitions through Doppler broadening on EIA
and EIT of the degenerate two-level system at the F, =2 — F, =1, 2, and 3 tran-
sitions of 8’Rb D2 line have been investigated. Two different polarization config-

urations such as linear parallel and linear perpendicular polarization of coupling
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and probe lasers, have been studied. We study the significant variation of EIT
and EIA due to the effect of the neighboring transitions via artificial variation of
the hyperfine spacings of the 5P /, state. The dependence of spectral features on
the hyperfine spacing for circular parallel and circular orthogonal polarizations of
coupling and probe is also calculated by artificially varying the hyperfine spacing
of 83Rb atoms. Result calculated from a specific hyperfine separation can be used

to predict the transitions between EIA and EIT.

Index Terms: MTS, TMTS, TCMTS, MOT, EIA, EIT, DTLS, rubidium atoms,

Doppler broadening, coupling-probe spectroscopy, laser cooling
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Chapter 1
Introduction

1.1 Laser Spectroscopy

Ever since the invention of lasers in the 1960s [1] and later acquiring knowledge
of Bose-Einstein Condensation (BEC) in 1995 [2—4], technological evolution in-
volving lasers has required laser frequency stabilization. External cavity diode
lasers are extensively used in AMO physics research, and active frequency stabi-
lization of free running lasers to some stable reference is paramount for various
applications, including gravitational-wave detectors [5], precision measurements
[6], laser cooling [7], and optical clocks [8—10]. An external reference is gen-
erated to be utilized in conjunction with the laser cavity’s feedback control for
this frequency stabilization. The Doppler-free locking signal generated using sat-
uration absorption spectroscopy (SAS) [11, 12] is a commonly used technique
for laser frequency locking. Doppler-free locking approaches offer enhanced pre-
cision and a narrower range for locking. The enhanced accuracy is a result of
a more pronounced increase in spectral sensitivity. The approach employed in
this methodology, wherein the laser frequency is precisely adjusted to align with
the Doppler-free peak, presents a harmonious trade-off between precision and
the extent of tuning capabilities. It offers consistent frequency stability without
necessitating a wide array of modifications.

Frequency modulated spectroscopy (FMS) [13, 14] is another noteworthy
technique in which the laser frequency is precisely synchronized with the max-
imum point of an atomic reference signal. FMS demonstrates an outstanding
signal-to-noise ratio, rendering it highly suitable for scenarios that prioritize sen-
sitivity. Whereas polarizing spectroscopy (PS) [15-17] presents itself as a viable
alternative in cases where frequency modulation and phase-sensitive detection
are not favored. The phase-locked loop can provide a reference signal that has a
dispersion-like characteristic, making it suited for peak locking. This approach
enables the achievement of stable frequency locking without the requirement of

frequency modulation, thereby simplifying the experimental configuration and



decreasing its complexity. The main aim of these techniques is to generate a
dispersive-like reference signal to provide feedback for locking the laser, with

zero crossings representing the atomic resonance.
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Figure 1.1: Energy level (not to scale) diagram of 3Rb atoms

In general, the techniques for laser frequency stabilization use the pump-
probe scheme, where a weak probe beam in a vapor cell has a negligible effect
on the population in the ground state of atoms and a pump beam coming from
the opposite direction influences the population significantly. Due to this pump-
probe scheme, crossover resonances also show up, along with hyperfine transition
lines in the absorption spectrum. Moreover, the reference or locking signal can
also have distinct lines for these crossover resonances. Modulation transfer spec-
troscopy (MTS) [18-22] exhibits the ability to generate steeper signal gradients
with zero background, and the signals are mostly influenced by the contribu-

tion originating from closed atomic transitions. The aforementioned secondary



characteristic proves to be particularly advantageous in cases where the spectrum
under consideration comprises multiple closely spaced transitions.

This thesis presents the MTS signals for the F, =3 - F, =4 and F, =2 —
F, = 3 D2 transition lines of > Rb and 8’Rb atoms, respectively. Furthermore, the
MTS of F; =2 — F, = 1 transition of 85Rb serves as an example to illustrate how
this technique may provide a single spectral line for laser frequency stabilization,
even in the presence of many closely spaced hyperfine transitions. In addition
to this, V-type two-color Modulation transfer Spectroscopy (TCMTS) has been
demonstrated experimentally and theoretically for the D2 transition line of Rb
atoms. In six configurations in total, the probe beam is resonant on F, =3 — F,
=2, 3, and 4 transitions of 35Rb and F; =2 — F, = 1, 2, and 3 of 8’Rb with
scanning and modulating pump beam across F, = 3 — F, = 4 transition of 85Rb
andFy =2 — F, =3 of 87Rb, respectively. This technique provides the advantage

of preparing various configurations of pump and probe beams.

1.1.1 Atomic Structure

This work focuses on the D2 transition line [23, 24] of Rubidium (Rb). Rb has
two naturally occurring isotopes: 72% abundant 8’Rb with nuclear spin angular
momentum (I) = 3/2 and 28% abundant 3°Rb with I = 5/2. The ground state
(5s) with one possible value of electronic angular momentum (J) is labeled as
528, /2, Whereas next excited state (5p) with two allowed values are labeled as
5%P, /2 and 5%P, /2. Furthermore, depending on the total angular momentum (F),
the hyperfine energy levels take values from |J - I| to |J + I|. The coarse, fine, and
hyperfine structure of °Rb is shown in Fig. 1.1. The ground and excited state of
85Rb take 2 and 4 values, respectively:

Fp=2 mp,—> = +2,+1,0,—1,-2
F, = mp,—3 = +3,42,+1,0,—1,-2,-3
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Figure 1.2: Energy level (not to scale) diagram of 8’Rb atoms

The ground and excited hyperfine state of 8’Rb also take 2 and 4 values,

respectively, as sown in Fig. 1.2 and their magnetic sublevels are:



F,=1 mp,=1 = +1,0,—1

Fo=2 mp,— = +2,+1,0,—1,-2

F,=0 mp,— =0

F,=1 mr,—1 =+1,0,—1

F,=2 mg,—p = +2,+1,0,—1,-2

F,=3 mp,—3 = +3,+2,+1,0,—-1,-2,-3

1.1.2 Saturation Absorption Spectroscopy

— __— .)
Yy 2 Photodiode
probe beam Vapor cell pump beam

Figure 1.3: Basic experimental arrangement for Saturation Absorption Spectroscopy

Saturation Absorption Spectroscopy (SAS) is a well developed technique to get
spectral profile of an atomic system [25-27]. In a simple pump-probe scheme,
as shown in Fig. 1.3, a weak probe beam passes through the vapor cell with a
strong pump beam coming from the opposite direction. Both the pump and probe
beams originate from the same laser source, resulting in them having identical
frequencies. The role of a strong pump beam is to saturate the atomic gas so that
the probe beam becomes transparent. The probe beam’s intensity is measured by
the photodiode, which is the SAS signal.

For simplicity, we consider a two level system that has two resonant laser
beams (pump and probe) from the same laser to go from ground to excited state,

as shown in Fig. 1.4a. The velocities of the atoms within the vapor cell adhere to a



probability distribution known as the Maxwell-Boltzmann distribution. The laser
frequency in the lab frame (fj,;) is shifted to the laser frequency in the frame of

atoms (fgrom) by atoms moving with velocity v, due to the Doppler shift.

Futom(1— V“j’") = fiab (1.1.1)

Where c is the speed of light. The presence of finite velocities results in an
effective broadening of the apparent atomic transition. This leads to the idea of
Doppler free spectroscopy, and a second high intensity counter-propagating pump
beam, along with a weak probe beam, is sent through the cell. Both beams, reso-
nant to the same atomic transition, interact with the same velocity group of atoms.
A bump appears in the spectrum due to the reduction of absorption of probe beam
in the presence of a strong pump beam, as shown in Fig. 1.4b. This bump is used

as a resonance frequency reference.
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Figure 1.4: (a) Simple two level energy level diagram (b) Transmission spectra of the probe beam;

the blue dotted line is in the presence of a pump beam, whereas the red line is only a probe beam.

Experimental Setup

A laser beam of 780 nm from the master laser of a tapered amplifier based laser
system (TA 100, Toptica Inc.) passes through an optical window and a transmitted
beam is used as the pump beam. The pump beam passes through a Half-wave

plate (HWP) and Polarizing beam splitter (PBS) to get P-polarized beam. The



pump beam (780 uW) passes through an Rb vapor cell that measures 5 cm in
length and 2.5 cm in diameter. The beam then double passes through the neutral
density filter (NDF) and quarter-wave plate (QWP) by reflecting back through
a mirror that makes it an S-polarized probe beam (332.3 uW). The probe beam
passes in a counter-propagating direction of the pump beam through the Rb vapor
cell and gets reflected by the PBS to be detected by the photodetector (PDA36A-
EC, Thorlabs).
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Figure 1.5: Schematic diagram of experimental setup. Component symbols: W: window; HWP:
half-wave plate; QWP: quarter-wave plate; PBS: polarizing beam splitter; M: mirror; NDF: neu-
tral density filter PD: photo-detector.

Spectra

The Rb vapor has thermal motion and atoms move at different velocities de-
pending on their temperature and follow the Maxwellian distribution in thermal
equilibrium. Because of their motion at certain velocity, atoms in the vapor cell
observe shift in frequency of the weak probe laser beam. Instead of three clear
lines for Fg =3 — F, =2, 3, and 4 transition lines, one Doppler broadened line is
recorded in presence of just probe beam. The counter-propagating strong pump
beam interacts with the same velocity of atoms as the probe beam and saturates
these atoms. There is a decrease in absorption of the weak probe beam, which

produces a dip in the spectra and is termed a lamb-dip.
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Figure 1.6: SAS spectral profile of D2 transition line of Rb atoms

The SAS signal comprising of the lamb-dips for D2 transition lines from F, =
3 of Rb and Fg =2 of 87Rb atoms is shown in Fig. 1.6. The crossover transitions
also show up along with the hyperfine transition lines. The pump laser beam
frequency (fj.») described in Eq. 1.1.1 is red-shifted from the resonant frequency
(fr) due to the motion of atoms with a velocity (—vgson). Similarly, the probe
beam frequency is blue-shifted from the resonant frequency (fp) by the same

atoms.

v
fatom(l - atCom) = fr

V,
fatom(l + atcom) = fb



By adding these two equations,

Jatom = M (1.1.2)

which indicates that the crossover transition lies exactly between two hyper-

fine transition lines.

1.2 Magneto-Optical Trapping (MOT)

>
/'1 X

0\
Figure 1.7: MOT configuration with three pairs of laser beams and a pair of anti-Helmholtz coils.

The ability to cool and trap neutral atoms with light was first demonstrated in
1987 [28]. The Magneto-Optical Trapping (MOT) employs three pairs of laser
beams that are mutually orthogonal and counter-propagating, along with a quadru-
pole magnetic field, to achieve simultaneous cooling and trapping of the atoms.
With one electron in their valance shell, alkali-metal atoms 5°Rb [29-32], 8’Rb



[33], 49K [34], *'K [35], °L [36], "L [37], *Na [38] and '33Cs [39-41] provide
a natural choice for cold atom experiments [42]. The cycling transitions from the
upper ground states of alkali-metal atoms, F, = 3 of 85Rb and Fg =2 of 87Rb
shown in Figs 1.1 and 1.2, respectively, provide the trapping force. Type-I (F, >
F¢) MOTs are extensively studied as the atom is always in a cooling cycle. If the
atom decays to another lower state, a repump laser is used to bring it back to the
cycle. Whereas type-II (F, < Fg) MOTs [32, 43] are more complex as atoms can-
not scatter photons continuously without being optically pumped to a dark state
and are still not fully understood.For F, =2 — F, = 1 cycling transition F, < Fg,
the ground and excited Zeeman sublevels do not couple, which makes the excited
hyperfine level the dark state and do not contribute to the trapping so that weak
trapping force happens. Zeeman splitting of cooling transitions, polarization of
the laser beams, and mixing of closely spaced hyperfine energy levels play a sig-
nificant role in trapping force in type-II cooling transitions [44]. Atoms trapped
in the Fg = 2 hyperfine ground state form a ring like structure to balance Doppler
and Sisyphus forces. In addition to cycling transitions, non-cycling transitions
have also been investigated for sodium atoms [45, 46]. Ultracold atoms produced
by MOT are utilized for a variety of applications, including quantum informa-
tion processing [47-51], non-linear optics [52-54], and many-body simulations
[55-57].

Since a laser beam may exert a force on an atom in the direction of its prop-
agation, it stands to reason that trapping atoms between two laser beams prop-
agating in opposite directions might be possible. However, the forces would be
effectively cancelled out if the laser beams’ frequency matched that of the cycle
transition. Red detuning of laser beams below the cycling transition frequency is
one possible solution to this problem. The idea behind this method stems from
the fact that atoms have a specific velocity. By utilizing the Doppler effect on the
laser detuning, namely the red detuning, we may alter the equilibrium of power
between the two forces. When the beam moves in the opposite direction of the
atom, the Doppler shift causes a reduction in the detuning, resulting in an am-

plified force magnitude. Conversely, the frequency of the second beam will shift
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even farther from the transition (blue detuning), leading to a reduction in the
force applied to the atom. In this manner, a force term will arise, acting along
the axis of propagation for the two beams. In order to achieve a comprehensive
three-dimensional setup utilizing this particular technique, it is necessary to em-
ploy three pairs of counter-propagating laser beams that are red detuned, with
each pair aligned along one of the three mutually perpendicular axes. The atoms
will exhibit a stochastic motion like a random walk, akin to their behavior when
immersed in a viscous fluid. This phenomenon is commonly denoted as optical
molasses [58].

To induce spatial confinement, it is necessary to introduce a magnetic field
gradient into the optical molasses. Hence, the utilization of the atom’s internal
structure is employed to enhance light absorption in close proximity to the trap’s
center. Let’s imagine a simplified situation where we have a one-dimensional
magneto-optical trap (MOT) that is aligned in the z-axis. For this configuration,
we consider the existence of an atom in its lowest energy level, known as the
ground state, with a total angular momentum quantum number J = 0. likewise
an atom in its higher energy state, referred to as the excited state, has J = 1.
The magnetic field is denoted by the equation B, = bz and causes a Zeeman
shift in the energy level. The quantum number m in this simplified system has
three possible values: +1, 0, and -1. The polarization of the counter-propagating
beams is essential in a magneto-optical trap (MOT). The beam that is traveling
in the positive z direction is required to possess right circular polarization o™,
while the other beam necessitates left circular polarization ¢~ . The significance
of these polarizations lies in their adherence to the selection rules, which dictate
that the o+ can exclusively induce transition to the m = +1 state, whereas the 6~

can only facilitate the transition to the m = -1 state.
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Figure 1.8: Energy level diagram of atom under the influence of magnetic field in 1D MOT

The counter-propagating beams bring selection rules into play, which give
rise to a force exerted on the atoms, consistently directed towards the center of
the trap, as depicted in Fig. 1.8. This force is characterized as the spatial con-
finement term, which, in conjunction with the damping term, effectively traps the
atoms. A complete three-dimensional MOT consists of three orthogonally po-
larized pairs of counter-propagating beams, along three perpendicular axes. The
location of their intersection will occur precisely at the centroid of a "spheri-
cal quadrupole" magnetic field, which can be produced by employing a set of
anti-Helmholtz coils. The depicted arrangement is illustrated in Fig. 1.7. MOT
is the initial stage in the progression towards conducting experiments involving
ultracold atoms. This method effectively confines them at a sufficiently low tem-
perature and high density, enabling the utilization of subsequent techniques such
as evaporative cooling. In order to ensure proper functionality of the MOT, it is
important to employ a repumping frequency aligned with the red-detuned cycle
transition. The repumper beam is not red-detuned but plays a crucial role in the
operation of a MOT by ensuring that all atoms remain in the cycle transition.

In this thesis, MTS has been utilized to generate a dispers-ive-like tunable
reference signal that does not compromise on amplitude and signal gradient for
the F, =3 —+ F, =4 and F;, =2 — F, = 1, D2 transition lines of the 85Rb atom.
Furthermore, the Tunable Modulation Transfer Spectroscopy (TMTS) generated

12



for these transitions are used for Type I and Type II MOT of atoms in the F, =
3 and F, = 2 energy levels of the 5S; ; ground state, respectively. In the case of
the F, =2 — F, = 1 cycling transition, it is observed that the ground and excited
Zeeman sublevels do not couple. Consequently, the excited hyperfine level can be
considered as the dark state, leading to its inability to contribute to the trapping

process. As a result, a weak trapping force is observed.

1.3 Electromagnetically Induced Absorption (EIA)
and Electromagnetically Induced Transparency
(EIT)

Following the observation of electromagnetically induced absorption (EIA) [59]
and electromagnetically induced transparency (EIT) [60], many methods have
been developed to convert EIA into EIT and vice versa. According to Gozzini
et al. [61], the magneto-optic resonances have the ability to be tuned in a con-
tinuous manner, transitioning from EIT to EIA. This transition is achieved by
altering the relative handedness of the circular polarizations of both the coupling
and probe beams. The Hanle effect can be tuned from EIT to EIA by manipu-
lating the polarization ellipticity of a control beam [62]. The conversion between
EIT and EIA in a three-level lambda system was achieved by introducing a sec-
ond control beam that propagates in the opposite direction to the first beam [63].
The phenomenon of transitioning from absorption occurring inside transparency
to transparency occurring within transparency has been documented in cesium
atoms by the manipulation of the probe beam’s power [64—66]. Zhukov et al. [67]
conducted an experiment utilizing the D, line of 8’Rb in the Hanle configuration.
The researchers investigated the impact of various factors, including intensity,
polarization, geometry (co-propagating or counter-propagating), and wavelength
of the coupling beam. McGloin et al. [68] examined the dependence of polariza-
tion on the magnitude dependence of EIT. Sign reversal of EIA had also been

studied with orthogonal circularly polarized laser beams by changing the power
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of the coupling beam [69]. The study conducted by Song et al. [70] investigated
the impact of temperature on EIT in cesium (Cs) atoms using linear orthogonal
coupling and probing beams. Theoretical investigations have suggested the po-
tential application of a metasurface (MS) with switching capabilities from EIT to
EIA in the terahertz region [71]. In their study, Grewal et al. [72] investigated the
impact of neighboring hyperfine levels on EIA observed in the Hanle configura-
tion. Specifically, they examined the influence of the polarizations of the coupling
and probe lasers on the open transitions of the D2 lines of 8’Rb, where F, < F,.
Nevertheless, it was theoretically infeasible to determine the complete absorption
of the entire D2 line by incorporating the Doppler effect due to the computational
intricacies associated with its consideration. We conducted an investigation on
degenerate two-level systems (DTLS) of Rb atoms in order to get insights into
the underlying mechanisms of EIA and EIT [73, 74]. The works stated above did
not take into account the neighboring effects in relation to variations of polariza-

tion rotation.

2
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T Photodiode
coupling beam Vapor cell probe beam

Figure 1.9: Basic experimental arrangement for Electromagnetically Indeced Absoption and

Transparency

Subsequently, it was discerned that in order to comprehend the intricacies
of EIA and EIT, it is imperative to examine neighboring degenerate multilevel
systems (DMLS) differently from DTLS. [75-78]. The study conducted by Zee-
shan et al. [76] highlights the significance of both neighboring effects and the
polarizations of coupling and probe beams in understanding the mechanisms of
EIA and EIT in scenarios involving perpendicular and parallel orientations of
linear and circular polarizations. The EIA in 8°Rb atoms can be converted into
EIT by artificially enhancing the hyperfine energy separation, provided that the

coupling and probe beams have the same circular polarization [77]. Conversely,
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the amplitude of EIT decreases when the hyperfine energy splitting of 3°Rb is
artificially increased, particularly when the coupling and probe beams have or-
thogonal circular polarizations [78]. Both EIA and EIT are essential for various
applications including slow and fast light generation [79], lasing without inver-
sion [80], precision magnetometry [81-83], high-resolution spectroscopy [84],
quantum information science [85-90], enhancement of refractive index [91] and
optical switching [92].

In this thesis, we extend the angle between the polarization axis of coupling
and probe laser beams to determine the critical angle for the conversion between
EIA and EIT considering neighboring effects in the case of linear polarization
of the beams as shown in Fig. 1.9 . The dependence of angle Or between the
polarization axes of the coupling and probe laser beams in cases where EIT can
convert to EIA have also been observed and calculated for the 83Rb (Fg=3—
F. =2, 3, and 4) in the low power regimes of the coupling (50uW) and probe
(15uW) beams. The polarization of the coupling and probe beams is initially
linear parallel; however, the polarization for the coupling beam is changed to the
point where both beams are linear orthogonal. EIAs show up above 0 degrees (F,
=3 — F. = 4) and below 10 degrees (F; =3 — F, = 4) EIT shows up in the
experimental results. However, EIAs show up above 10 degrees (Fg =3 — F, =
2 and 3) and below 20 degrees (F, = 3 — F, = 2 and 3) EIT shows up in the
experimental results. In lower ground state hyperfine levels 8°Rb (Fg=2—F,=
1, 2, and 3) all the time EIT shows up regardless of excited state hyperfine levels.
The closed transition of F, =2 — F, = 1 contributes significantly to EIT. Those
experimental trends match well with DMLS calculations considering neighboring
states. Additionally, we present the study on the impact of Doppler broadening
on EIA and EIT in a degenerate two-level system. Specifically, we analyze the
impacts of neighboring transitions on the F, =2 — F, = 1, 2, and 3 transitions of
the D2 line in 8’Rb. The investigation focuses on the examination of two distinct
polarization configurations, linear parallel and linear perpendicular, in relation
to the coupling and probe lasers. The hyperfine spacings of the 5P3/2 state are

artificially varied to achieve this. We further demonstrate the correlation between
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the spectral features and the hyperfine spacing for circular parallel and circular
orthogonal polarizations of coupling and probe. This correlation is determined by

intentionally manipulating the hyperfine spacing of 8Rb atoms.

1.4 Organization of Dissertation

The remaining thesis is organized as follows:

i) Chapter 2 presents MTS and TCMTS for cyclic transitions of D2 line. De-
tail overview of basic model of MTS and experimental results of TCMTS

are presented.

ii) Chapter 3 extends the MTS by incorporating its ability to tune light and
presents MOT by stabilizing trap laser with TMTS. Type I and Type 1I
MOT of #Rb are presented.

iii) Chapter 4 aims to address the role of angle between the polarization axis
of coupling and probe laser beams and neighboring hyperfine transitions
to control EIA and EIT. Presents a comparison between theoretical and

experimental results.

iv) Chapter 5 explores the effects on EIA and EIT due to neighboring transi-
tions by artificially varying the hyperfine spacings.
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Chapter 2
Two-color Modulation Transfer Spectroscopy

2.1 Overview

The stability of frequency against fluctuations is of significant importance in ex-
periments conducted in the field of atomic and molecular physics. Modulation
transfer spectroscopy (MTYS) is a technique that produces a dispersive-like signal
devoid of background noise in closed systems. This method is particularly valu-
able in scenarios involving multiple closely spaced hyperfine energy levels. In
this chapter, we investigate the MTS signal for 525, /2 (Fg=3)— 5°P; s2Fe =4 of
85Rb and 528, 2 (Fg=2)— 5°P;, 2Fe=30f 87Rb atoms in a pump-probe scheme.
Furthermore, MTS is extended to two-color MTS (TCMTS), where modulated
pump beam is scanning across transitions from 5°S, /2 (Fg =3) ground hyperfine
state of D2 transition line of 8 Rb and probe beam is fixed at 5°S; 12 (Fg=3)—
5°P;, /2Fe =2, 3, and 4 transition lines in three experimental arrangements. For
87Rb atoms, modulated pump beam is scanning across transitions from 5%S, /2
(Fg = 2) ground hyperfine state of D2 transition line and probe beam is fixed at
58, 2 (Fg=2)— 5°P, /2Fe =1, 2, and 3 transition lines in three experimental
arrangements.

This chapter is organized as follows: Section 2.2 presents background of
MTS, experimental setup and MTS signal recorded for F, = 3 — F, = 4 tran-
sition of 8 Rb atoms and F, =2 — F, = 3 transition of 87Rb atoms. Section 2.3
covers TCMTS signal for F, =3 — F, =2, 3, and 4 transitions of 85Rb atoms and
F, =2 — F, =1, 2, 3 transitions of 87Rb atoms, while Section 2.3 presents some

concluding remarks.
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Figure 2.1: Schematic diagram of basic MTS setup.
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2.2 Modulation Transfer Spectroscopy
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Figure 2.2: Energy level diagram of MTS. The pump beam is modulated by EOM.

In a pump-probe scheme, as shown in Fig. 2.2, a strong pump beam traverses an
Electro-Optic Modulator (EOM), which is controlled by an oscillator operating
at a frequency denoted as f;,. The phase-modulated light that is transmitted can
be characterized by a carrier frequency denoted as f,, along with sidebands that
are spaced apart by the modulation frequency f,,,. If a sinusoidal modulation with
a frequency of f,;, and a modulation index of 8 is incorporated, the optical field

of the pump beam with a carrier frequency of f,. can be expressed as

E = Eget Vet +Bsin(fut)) 2.2.1)

The Fourier transformation gives

E = Ege" " {Jo(B)+J1(B)e /" —J_1(B)e "
+ 1 (B)e* it (2.2.2a)
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Here J,,(B) are Bessel functions. The higher order terms can be ignored for

B << 1 as their magnitude is relatively small.

E :EO{JO(ﬁ)e‘f“’+J1(B)el(f“+f'")’ _J_l(ﬁ)el(fc—fmt} (2.2.2)

The presence of three distinct frequency components f., f. + f,, and f, — fin
in the beam can be inferred from the expansion following phase modulation. The
two components f. + f,, and f. — f,, are referred to as "sidebands," as they are
positioned on either side of the major frequency component, with their placement
determined by the modulation frequency f;,,.The modulated pump beam transfers
this modulation to counter-propagating probe beam in the vapor cell by a nonlin-
ear interation called four wave mixing as shown in Fig. 2.1. The signal recorded
by detector is obtained by S(f,,) =|E|?

2.2.1 Experimental Setup

A laser beam of 780 nm from the master laser of a tapered amplifier based laser
system (TA 100, Toptica Inc.) passes through an optical window to reflect the low
power beam to be used as a probe beam measuring 130 uW using a power meter
(PM100D with photodiode power sensor S130C, Thorlabs) right before the Rb
vapor cell as shown in Fig. 2.3. The vapor cell measures 10 cm in length and
2.5 cm in diameter, and the experiment is performed at 20° C room temperature.
The transmitted part of the beam from the optical window is used for the refer-
ence SAS setup. The amplified beam from the tapered amplifier passes through a
Half-wave plate and a polarizing beam splitter (PBS) to get an S-Polarized pump
beam. The pump beam passes through an electro-optic modulator (EOM, PM7-
NIR_5, QUBIG) connected to the function generator (DG1022, RIGOL) through
a 50 OHM low-pass filter (SLP-1.9+, Mini Circuits). The second channel of the
function generator is connected to the phase detector (ZRPD-1+, Mini Circuits),
feeding a sinusoidal wave of 5.11 MHz to both the EOM and phase detector.
The modulated pump beam (559.5 uW) passes through the Rb vapor cell in the

counter-propagating direction of the probe beam. Both the S-Polarized pump and
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P-Polarized probe beams measure 4.2 mm in diameter. The probe beam falls on
the photodetector (PDA8A2, Thorlabs). The output of the photodetector is ampli-
fied by an amplifier (ZFL-500, Mini Circuits) and connected to the phase detector
through a 50 OHM low-pass filter (SLP-1.9+, Mini Circuits). The output of the

phase detector is our MTS signal.

PBS
y4
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HWP
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FBS Rb Cell vl 2
< 5 5
[

SAS

Figure 2.3: Schematic diagram of experimental setup. Component symbols: SAS: saturation ab-
sorption spectroscopy; W: window; HWP: half-wave plate; PBS: polarizing beam splitter; EOM:
electro-optic modulator; M: mirror; PD: photo-detector.

2.2.2 Results and Discussion

Fig. 2.4 shows MTS and SAS signal for the 3Rb F, =3 — F, = 4 and ¥’Rb
F, =2 — F, = 3 transitions of rubidium. The MTS signal has a consistently
flat characteristic with a background signal that is negligible. The reason for this
phenomenon is because modulation transfer occurs exclusively when the sub-
Doppler resonance condition is met. As a result, the stability of the baseline is

largely unaffected by the residual linear-absorption effect.

20



0.9
0.6 MTS L
E ——ﬂ
= ]
=
2
n
0.3 SAS 8Rb F,=2-F,=3 8Rb F,=3-F,=4
0.0 T T T T I
-750 0 750
Detuning (MHz)

Figure 2.4: Comparision between SAS and MTS signals for the °Rb F, =3 — F, =4 and ¥Rb
Fg =2 — F, = 3 transitions

The MTS signal is characterized by a single zero crossing, which exhibits a
substantial peak-to-peak amplitude for transitions between hyperfine states. The
signal exhibiting the largest peak-to-peak amplitude consistently corresponds to
the closed transition. This can offer benefits, especially when dealing with several
closely spaced hyperfine transitions, such as the transitions 3°Rb Fo=2—F,=
1 shown in Fig 2.5. The hyperfine spacing for 3°Rb F, =2 — F, =1 is small
in comparison to Rb F, =3 — F, = 4 plus the ground state hyperfine energy
levels are not coupled to the excited state hyperfine energy levels (Fg>F,) making

it hard to record the spectral features.
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Figure 2.5: Comparision between SAS and MTS signals for 3Rb F ¢ =2 — F, =1 transition.

2.3 Two-color Modulation Transfer Spectroscopy

MTS is useful for active frequency stabilization because it facilitates the frequency-
dependent transfer of modulation from the pump to the probe beam without di-
rectly modulating the probe beam. Advantage of multi-color MTS is that various
configuration of pump and probe beams can be prepared. Thus, the spectra with
sub-Doppler linewidths can be obtained for the various transitions in the various
range of energy and configuration. We demonstrate V-type of TCMTS experi-
mentally and theoretically for D2 line of Rb atoms considering Zeeman sublevels
to solve optical Bloch equation, where probe beam is resonant on Fo =3 — F, =
2, 3, and 4 transition of 3Rb and Fe=2—=F,=1,2and 3 of 87Rb with scanning
and modulating pump beam across F, = 3 — F, = 4 transition of 85Rb and F, =
2 — F, = 3 of 3'Rb, respectively, as shown in Fig. 2.6. We realize that TCMTS
signals of transitions of 3°Rb and 3’Rb behave differently in comparison largely

due to the difference in hyperfine spacing.
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Figure 2.6: Energy Level diagram of TCMTS. The modulated pump beam is scanning across
transitions from F, = 3 (F; = 2) of 85Rb (87Rb) atoms whereas, the probe beam is fixed at (a) Fy
=323F=2F;=2—=F.=1)b)F;=3—+F,=3F;=2—F,=2),and(c) F;=3 =+ F, =4
(Fg =2 — F, = 3) resonance lines of 85Rb (87Rb) atoms.

2.3.1 Experimental Setup

The laser beam of 780 nm from an external cavity diode laser (DLpro, Toptica
Inc.) passes through an optical window, and the reflected part is used for SAS
setup. The SAS signal is fed to the diode laser controller (DLCpro, Toptica Inc.)
for frequency stabilization. The transmitted part from the optical window passes
through a Halfwave plate (HWP) and the polarizing beam splitter (PBS), and the

P-polarized beam is the probe beam for the experiment.
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Figure 2.7: Schematic diagram of experimental setup. Component symbols: SAS: saturation ab-
sorption spectroscopy; W: window; HWP: half-wave plate; PBS: polarizing beam splitter; EOM:
electro-optic modulator; M: mirror; PD: photo-detector.

Another beam of the same wavelength from a tapered amplifier based laser
system (TA100, Toptica Inc.) passes through a pair of HWP and PBS, and the S-
polarized beam is passed through an electro-optic modulator (EOM, PM7-NIR_5,
QUBIG) as shown in Fig. 2.7. The modulated beam is the pump beam for the
experiment. The pump beam in the counter-propagating direction of the probe
beam passes through the Rb vapor cell, which measures 10 cm in length and 2.5
cm in diameter. The diameter of both the S-polarized pump (559.5 uW) and P-
polarized probe (130 W) beams is 4.2 mm and the experiment is performed at
20° C room temperature. The test beam from the master laser of TA100 is used
for the reference SAS setup for the pump beam. The photodetector (PDASA?2,
Thorlabs) receives the probe beam and feeds the output to an amplifier (ZFL-
500, Mini Circuits), which is connected to a 50 OHM low-pass filter (SLP-1.9+,
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Mini Circuits) and then connected to a phase detector (ZRPD-1+, Mini Circuits).
A function generator (DG1022, RIGOL) feeds a sinusoidal wave of 5.11 MHz to
both the EOM and phase detector. The output of the phase detector with another
50 OHM low-pass filter (SLP-1.9+, Mini Circuits) is our TCMTS signal.

2.3.2 Results and Discussion
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Figure 2.8: Comparision of SAS, MTS, and TCMTS signals

We conducted two cases of V-type TCMTS experiment. In the first experiment,
we probed the resonant excited states originating from the higher ground state
of 8Rb D2 transition line, while the pump beam scanning through the transition
from 3°Rb F, = 3 hyperfine ground state. In the second experiment, we probed
the resonant excited states originating from the higher ground state of 8’Rb D2
transition line, while the pump beam scanning across the transition from F, = 2

hyperfine ground state.
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Figure 2.9: TCMTS signals with phase ¢ = 0 to 180 of (a) probe beam is fixed at Rb F, =3
— F, = 2 transition while pump beam is scanning across the transitions from 3°Rb F, =3, (b)
probe beam is fixed at 85Rb F; =3 — F, = 3 transition while pump beam is scanning across the
transitions from 3°Rb F, =3, and (c) probe beam is fixed at 85Rb Fg; =3 — F, =4 transition while
pump beam is scanning across the transitions from 8Rb F, =3.

Fig. 2.8 presents a comparison between SAS, MTS, and TCMTS. MTS has
both pump and probe beams scanning the transitions from upper ground hyper-
fine state of D2 transition line whereas TCMTS has only pump beam scanning
the transitions from upper ground hyperfine state of D2 transition line. In the ex-
perimental results shown in Fig. 2.8, the probe beam for TCMTS is fixed at 3>Rb
F, =3 — F, = 4 transition line. While two MTS signals for 85Rb F,=3 = F,
=4 and ¥Rb Fg =2 — F, = 3 transitions show up, just one larger TCMTS sig-
nal for Rb F, = 3 — F, = 4 transition show up. This is largely because of the
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probe beam fixed at the 3°Rb F; =3 — F, = 4 transition. TCMTS has advantage
over MTS that it only generates signals for transition in consideration and various

configuration of pump and probe beams can be prepared.
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Figure 2.10: TCMTS signals with phase ¢ = 0 to 180 of (a) probe beam is fixed at 8’Rb Fg=2
— F, = 1 transition while pump beam is scanning across the transitions from 8’Rb F, =2 (plots
are 25 times the original signal), (b) probe beam is fixed at 8’Rb F ¢ =2 — F, =2 transition while
pump beam is scanning across the transitions from 8’Rb F, = 2 (plots are 6 times the original
signal), and (c) probe beam is fixed at 3’Rb Fg =2 — F, = 3 transition while pump beam is

scanning across the transitions from 8’Rb F, =2.

In the first case of 8Rb atoms in a pump-probe scheme, the pump beam is
scanning the transitions from the upper ground hyperfine state F, = 3. The probe
beam, in three experimental arrangements, is fixed at three different transitions
Fe=3—+F,=2,F;=3 = F,=3,and F, =3 — F, =4, as shown in Fig. 2.9(a-c)
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respectively. In Fig. 2.9(a), the TCMTS signal is recorded at phase angle ¢ = 0,
30, 60, 90, 120, 150, and 180. The TCMTS signals generated for the probe beam
fixed at Rb Fg =3 — F, = 2 are the smallest in amplitude at each respective
phase angle. As we go on to the probe beam fixed at 8Rb Fo=3—-F, =3
transition shown in Fig. 2.9(b) the amplitude of TCMTS signals gets larger at
each respective phase angle. So is the arrangement of pump beam fixed at 3>Rb
F, =3 — F, = 3 shown in Fig. 2.9(c) which has the largest amplitude at each
respective phase angle among the three transitions. The TCMTS signal at ¢ =
150 degrees has the largest amplitude of all three experimental arrangements.
There could be two factors associated with the difference in amplitude of the
three transitions. First, the MTS generates a signal only for the closed transitions
due to the nonlinear interaction between the pump and probe beams in the vapor
cell, which is also termed as the four wave mixing. Both F; =3 — F, = 2 and
F, =3 — F, = 3 are open transitions, and the nonlinear interaction between the
pump and probe beams could be weak. Secondly, Doppler broadening may effect
the strength of TCMTS as the hyperfine splitting between F, =4 and F, = 2 is
larger than that of F, = 4 and F, = 3 and conversely, the TCMTS signals for F, =
3 — F, = 2 are smaller than that of F; =3 — F, = 3.

In the second case of 87Rb atoms, the pump beam beam is scanning across the
transitions from the upper hyperfine ground state F, = 2. The probe beam is fixed
at three transitions Fg =2 - F, =1,F, =2 - F, =2, and F, =2 — F, = 3, as
shown in Fig. 2.10(a-c) respectively, in three experimental arrangements. Similar
to 83Rb atoms, the TCMTS signals generated at ¢ = 0, 30, 60, 90, 120, 150, and
180 by fixing the probe beam at F, =2 — F, = 1 transition are the weakest as
shown in Fig. 2.10(a). However, the difference in amplitudes is larger than that of
85Rb, as shown in Fig. 2.11. The amplitudes of TCMTS F, =2 — F, = 2 shown in
Fig. 2.10(b) 1s larger than F; =2 — F, = 1 and F, =2 — F, = 3 has the strongest
signals at each respective phase angle, as shown in Fig. 2.10(c). The difference
in amplitude is larger because of the the difference in hyperfine splitting of 8°Rb
and ¥'Rb.
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Figure 2.11: Comparison of TCMTS signals with probe beam fixed at ’Rb Fo=2—=F,=1,2,
and 3 resonance lines with pump beam scanning across transitions from F, = 2, and 85Rb F,=3

— F, =2, 3, and 4 resonance lines with pump beam scanning across transitions from F, = 3.

2.4 Summary

The dispersive-like nature of the MTS signal is demonstrated for the D2 transi-
tion line of Rb atoms. MTS generates a distinct line with a single zero crossing
and substantial peak-to-peak amplitude for a closed transition between hyper-
fine states. The MTS signals are generated for the F; = 3 — F, = 4 transition
of 8°Rb and the Fy =2 — F, = 3 transition of 87Rb atoms. In addition, an MTS
signal for the F, =2 — F, = 1 transition of 85Rb atoms is shown to show that
it can produce signals with almost no background for closely spaced hyperfine
transitions. Furthermore, MTS is extended to TCMTS with the capability to do
MTS for high-lying excited states with various configurations of pump and probe

beams. In a total of six experimental arrangements, three for 8°Rb and three for
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87Rb atoms, TCMTS signals are generated. In the first case, the modulated pump
beam is scanning across transitions from the upper hyperfine ground state 3>Rb
F, =3. The probe is fixedat F; =3 - F, =2, F, =3 - F,=3,andF; =3 — F,
= 4 for three different experimental arrangements. The smallest signal amplitude
is recorded when probe beam is fixed at F, = 3 — F, = 2 transition at respec-
tive values of ¢ and probe beam fixed at F, = 3 — F, = 4 transition produces
the strongest TCMTS signals. For 8’Rb atoms, pump beam is scanning across
transitions from the upper hyperfine ground state F, = 2, whereas probe is fixed
atFg=2 > F,=1,F,=2—F,=2,and F; =2 — F, = 3. Similar to Rb
atoms, weakest signal amplitude is recorded when probe beam is fixed at F, =
2 — F, =1 transition at respective values of ¢ and probe beam fixed at F, = 2
— F, = 3 transition produces the strongest TCMTS signals. The difference in the
amplitudes is largely due to the fact that 3Rb and 3’Rb have different hyperfine
splitting.
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Chapter 3
Magneto-optical Trapping

3.1 Overview

Incorporating modulation transfer spectroscopy (MTS) can tune a laser beam be-
low the resonance line, which is necessary for laser cooling and trapping experi-
ments. Tunable Modulation Transfer Spectroscopy (TMTS) gives off a signal that
has negligible background and a zero crossing that is accurately centered on the
resonant closed transition line. The TMTS signal is generated for 5°S, /2 (Fg=3)
— 5%2P35F, = 4 of ¥Rb and 5%, /, (F, = 2) — 5?P; ,F, = 3 of *’Rb atoms in a
pump-probe scheme. Furthermore, as the main theme of this Chapter is Magneto-
Optical trapping (MOT), the TMTS signals are generated and utilized for cooling
and trapping of atoms in 5%S; /2 (Fg =3) and 528, /2 (Fg = 2) hyperfine states of
85Rb atoms.

This chapter is organized as follows: Section 3.2 presents the background
and technique to generate TMTS signal. Section 3.3 describes MOT for atoms in
upper and lower hyperfine ground state of D2 transition line of 83 Rb atoms.The

last Section 3.4 presents some concluding remarks.

3.2 Tunable Modulation Transfer Spectroscopy

In experiments where the laser beam’s frequency needs to be either shifted down
(red detuning) or shifted up (blue detuning) without changing the main frequency
of the laser itself, Tunable Modulation Transfer Spectroscopy could play a really
important role with the dispersive-like signal it offers. The standard saturation
absorption spectroscopy signal for sub-Doppler lineshapes is generated when a
probe laser beam is monitored in the presence of a counter propagating pump
beam in an atomic or molecular system. Accordingly, TMTS employs a pump-
probe scheme where a pump beam is double passed through two acousto-optic
modulators (AOM) for frequency tuning and through electro-optic modulator

(EOM) for phase modulation. The velocity (V) group of atoms resonant with
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the pump beam can be written as

Wy = 0 +2(01 + @) +kVpy,

1
Vpm = %{(D() — @, — 2(0‘)1 + 0)2)}

(3.2.1)

where @y is the frequency of atomic resonance at which the laser is locked,
oy, is the laser frequency and @; and @, are the driving frequencies of AOM-1
and AOM-2, respectively. Similarly, the velocity (v,,) group resonant with the

probe beam can be written as

(3.2.2)
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Figure 3.1: Energy Level diagram of TMTS.

The color of the line indicates whether the laser

beam is detuned to the red or blue side of the resonance line in two different experimental setups.
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For saturated absorption, both pump and probe beams are resonant with the

same velocity group and we can write,

Wy — oy —2(0) + @) = o — ay

o, =wy—9d (3.2.3)

where 0 = @; + @,. The off-set locking is now possible, where laser fre-
quency is subtracted from @y by 0. Thus, laser scanning frequency depends on
0. In two experimental settings, as shown in Fig. 3.1, TMTS signal is generated.
The nonlinear process in the vapor cell insures that atom does not relax into other
ground state and the baseline stability becomes nearly independent of residual
absorption hence, a dispersive like signal with zero background is generated for

cyclic atomic transitions.

3.2.1 Experimental Setup

A test beam of wavelength 780 nm from a master external cavity diode laser of
a tapered amplifier based laser system (TA100, Toptica Inc.) passes through an
optical window. The transmitted beam is used for the reference saturation absorp-
tion spectroscopy (SAS) setup, while the reflected part is used as a probe beam for
TMTS, as shown in Fig. 3.2. The laser beam of the same wavelength coming from
a tapered amplifier passes through a half-wave plate (HWP) and polarizing beam
splitter (PBS-1) to divide the beam into two components. The P-polarized com-
ponent of the beam is used for the magneto-optical trap, whereas the S-polarized
component is the pump beam for TMTS. The S-polarized beam gets reflected
again from PBS-2 and passes through AOM-1 (3080-122, Gooch & Housego),
which is fixed at 100 MHz. The -1st order diffracted beam double passes through
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a quarter-wave plate (QWP) after reflecting back from the mirror, which changes
it to a P-polarized beam. The beam passes through AOM-1 again, and the -1st or-
der diffracted beam, which is now P-polarized, gets transmitted through PBS-2 to
pass through AOM-2 (3080-122, Gooch & Housego). The AOM-2 is also fixed at
100 MHz, and the beam double passes through the AOM-2 and the QWP placed
next to it and changes back to an S-polarized beam. The beam reflects from PBS-
2 now and passes through EOM (PM7-NIR_5, QUBIG). The modulated beam
gets reflected from PBS-3 to go into the Rb cell.
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> 7
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Figure 3.2: Schematic diagram of experimental setup. Component symbols: SAS: satura-
tion absorption spectroscopy; NDF: neutral density filter; W: window; HWP: half-wave plate;
QWP: Quarter-wave plate; PBS: polarizing beam splitter; AOM: acousto-optic modulator; EOM:

electro-optic modulator; M: mirror; BD: beam dump; PD: photo-detector.

The vapor cell measures 10 cm in length and 2.5 cm in diameter and the

experiment is performed at 20 C room temperature. The diameter of both the S-
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polarized pump (796 uW) and P-polarized probe (100.3 W) beams is 4.2 mm.
The pump beam is detuned by -200 MHz (-100-100 = -200). The pump beam
transfers modulation to the probe beam, which transmits from PBS-3 and falls
on the photodetector (PDA8SA2, Thorlabs). The photodetector (PD) output is fed
to an amplifier (ZFL-500, Mini Circuits), a 50 OHM low-pass filter (SLP-1.9+,
Mini Circuits), and then connected to a phase detector (ZRPD-1+, Mini Circuits).
A function generator (DG1022, RIGOL) feeds a sinusoidal wave of 5.11 MHz to
both the EOM and phase detector. The output of the phase detector with another
50 OHM low-pass filter (SLP-1.9+, Mini Circuits) is our TMTS signal.
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87 - _
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Figure 3.3: Comparision of SAS and red detuned SAS and TMTS by 200 MHz. The blue line is
SAS signal, red line is detuned SAS signal, and green line is TMTS signal.
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3.2.2 Results and Discussion
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Figure 3.4: Comparision of SAS and blue detuned SAS and TMTS by 200 MHz

In the first setting, the pump beam traverses AOM-1 and undergoes reflection,
resulting in a double pass through AOM-1. The pump beam then traverses AOM-
2 in a double pass configuration. The driving frequency for both AOM-1 and
AOM-2 is 100 MHz. The pump beam undergoes a detuning of 2(100+100) MHz
as a result of all four instances of the beam going through AOMs utilizing +1
order beam and by Eq. 3.2.3 the pump beam is red detuned by 200 MHz. The
red detuned beam passes through EOM for phase modulation and is sent to vapor
cell. In a nonlinear process the pump beam transfers modulation to probe beam
and dispersive-like TMTS signals are generated with negligible background with
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their zero crossings accurately centered on the 8°Rb F,=3 —F,=4and 87Rb F,
=2 — F, =3 D2 transition lines, as shown in Fig. 3.3. The blue line is reference
SAS signal with zero detuning. The red and green lines are detuned SAS and
TMTS signals, respectively. It can be seen clearly that the TMTS signal is shifted
to the red side by 200 MHz.

Red Detuned MTS “RbF,=3 >F,=4
Blue Detuned MTS “RbF,=2—>F,=3

0.2

Signal (V)

. T . T .
200 300 400 500 600 700
Detuning (MHz)

Figure 3.5: Comparision between red and blue detuned TMTS signals.

In the second setting, the pump beam traverses AOM-1 and AOM-2 in a dou-
ble pass configuration. The driving frequency for both AOM-1 and AOM-2 is
100 MHz. The pump beam undergoes a detuning of 2(-100-100) MHz as a result
of all four instances of the beam going through AOMs utilizing -1 order beam
and by Eq. 3.2.3 the pump beam is blue detuned by 200 MHz. The blue detuned
beam is sent through an EOM to induce phase modulation, after which it is sub-
sequently directed towards Rb vapor cell. In a non-linear process, the pump beam
facilitates the transfer of modulation to the probe beam, resulting in the genera-
tion of dispersive-like TMTS signals for 8°Rb F, =3 — F, =4 and 3’Rb F, = 2
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— F, =3 D2 transition lines, as shown in Fig. 3.4. The blue line is reference SAS
signal with zero detuning. The red and green lines are detuned SAS and TMTS
signals, respectively. The TMTS signal can be seen to be shifted to the blue side
of detuning by 200 MHz with no change in peak to peak amplitude and signal
gradient, as shown in Fig. 3.5.

3.3 Magneto-Optical Trap
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Figure 3.6: GUI for MOT using LabVIEW

The Magneto-Optical Trap (MOT) utilizes two force components to achieve the
two different goals of spatially confining and cooling atoms. Given the under-
standing that a laser beam possesses the capability to apply a force on an atom
in alignment with its propagation, it is reasonable to consider the feasibility of
confining atoms between two laser beams that propagate in opposite directions.
Nevertheless, in the event if the frequency of the laser beams precisely matched
that of the cycling transition, the resultant forces would effectively nullify each
other. One possible solution to this predicament involves the use of red detuning
of laser beams below the cycling transition frequency. The rationale behind this

approach lies in the observation that atoms possess a certain velocity, denoted
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as v. By using the Doppler shift in laser detuning, it becomes possible to selec-
tively enhance one force over another. When the beam propagates in the opposite
direction of the atom, the Doppler shift will result in a decrease in the detuning,
leading to an increase in the force magnitude exerted by the beam. In contrast, the
second beam will shift further away from the transition, resulting in a reduction
in the force exerted on the atom. Consequently, a force will manifest along the
axis of propagation for the two beams. In order to achieve a comprehensive three-
dimensional architecture utilizing this particular technique, it is vital to employ
three sets of counterpropagating red detuned laser beams along three mutually
perpendicular axes. Nevertheless, the force experienced by the atoms is not due
to spatial confinement, but rather a damping or viscous factor. Another beam
termed as repupmer beam is used to bring back those atoms to the cooling cycle

that may relax into other ground state after emitting photon.
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Figure 3.7: Energy level diagram of Type-I and Type-II MOT.

To induce spatial confinement, it is necessary to introduce a magnetic field
gradient alongside the optical molasses. Thus, we utilize the internal structure

of the atom in order to enhance the absorption of light in close proximity to
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the trap’s center. The counter-propagating beams give rise to a force exerted on
the atoms, consistently directed towards the center of the trap due to selection
rules as discussed in Chapter 1. An further crucial aspect to consider in the laser
system constructed for this thesis is to the imaging of the atoms and fluorescence
detection. With imaging and fluorescence detection it is possible to calculate the

number of atoms in the MOT using the following:
N=—o— (33.1)

Ypﬁ_%nPDe

where i,7,,L,Q,Npp and e are Avalanche photodiode’s photocurrent, single
atom’s scattering rate, optics loss, solid angle, quantum efficiency of detector and
charge on an electron, respectively. The imaging using CCD camera, as shown in
Fig. 3.6, can be used to determine the volume of MOT by Gaussian fitting and

density of trapped atoms can be given by:

N

n=————
(27)2r12r;

(3.3.2)

where r; is the width and r, is the height of the atomic mixture. In order
to execute this procedure, a combination of the cycle and repumping transition

frequencies are used for D2 transition of Rb atoms, as shown in Fig. 3.7.

3.3.1 Experimental Setup

A laser beam of 780 nm from an external cavity diode laser of a tapered am-
plifier based laser system (TA100, Toptica Inc.) is divided into S-polarized and
P-polarized components. The S-polarized part is sent to TMTS setup as described
in Sec. 3.2. The P-polarized part is sent to fiber coupler (F810APC-780, Thorlabs)
for better beam mode. The beam is expanded to 2 cm in diameter using optical
beam expander (GBEO3-B, Thorlabs). The beam then is divided into three part
to be sent into ultrahigh vacuum chamber (UHVC). A pair of Half-wave plate
(HWP) and Quarter-wave plate (QWP) is used for these three trap laser beams to

convert the beams from linearly polarized beams to circularly polarized beams of
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desired handedness for MOT.

HWp  PBS

DLpro

BD

W M

Figure 3.8: Schematic diagram of experimental setup. Component symbols: SAS: saturation
absorption spectroscopy; TMTS: tunable modulation transfer spectroscopy; W: window; HWP:
half-wave plate; QWP: Quarter-wave plate; PBS: polarizing beam splitter; BE: beam expander;
M: mirror; OI: optical isolator; BD: beam dump; UHVC: ultra-high vacuum chamber.

The repumper beam of 780 nm from an external cavity diode laser (DLpro,
Toptica Inc.) is also fed to fiber coupler (F§10APC-780, Thorlabs) and expanded
to 2 cm in diameter using lenses. The repumper beam goes into the chamber
along one of the trap beams, as shown in Fig. 3.8. The Rb getter enclosed in the
UHVC is fed current by an externally connected power supply. The UHVC has
a pair of anti-Helmholtz coils to confine the atoms at the center of the cham-
ber. The fluorescence of MOT is measured using Avalanche photodiode (APD,
Hamamatsu C5460-01) and MOT imaging is facilitated by CCD (acA1300-30gm,
Basler) camera. Hardware interfacing is done using LabVIEW for APD and CCD

camera, as shown in Fig. 3.6.

41



3.3.2 Results and Discussion

Figure 3.9: Image of MOT for atoms in 35Rb F¢ = 3 hyperfine ground state.

Laser cooling and trapping are done for atoms in both upper 8Rb F, = 3 and
lower 8Rb F, = 2 hyperfine ground state of D2 transition line. In the first case of
type-I MOT, trap laser is red detuned by 13 MHz and the TMTS reference signal
is used to lock the laser at Rb F¢ =3 — F, = 4. The repumper laser is locked by
SAS at 3Rb F, =2 — F, = 3. Fig. 3.9 shows the MOT for the atom in the upper
hyperfine ground state in a UHVC with the background pressure of ~ 5.3 x 1078
torr and current of ~ 3 A passing through Rb-getter to produce Rb vapors in
the chamber. Total power of three orthogonal pairs of trap beams and repumper

beams is 65.3 mW with beam diameter 2 cm. Two anti-Helmholtz coils, with
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current of 3.2 A passing through upper coil and 3.4 A passing through lower coil,
are used to generate magnetic field gradient to confine atoms at the center. The
width and height of atomic cloud are 0.78 cm and 0.72 cm, respectively, which
is full width at half maximum (FWHM) calculated by Gaussian fitting the pixel
data of image from CCD camera, as shown in Fig. 3.6. No. of Rb atoms trapped
in MOT are measured to be 4.8 x 10% with corresponding density of 7.6 x 10°
cm~3. The shape of MOT with F, < F, cyclic transition forms a spherical shape
with no chances of forming a ring shaped cloud with above mentioned parameters
and alignment of the laser beams.

Figure 3.10: Image of MOT for atoms in 3°Rb Fg = 2 hyperfine ground state.

In the second case of type-1l MOT, where F, > F,, trap laser is red detuned
by 10 MHz and the TMTS reference signal is used to lock the laser at 3°Rb F, =
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2 — F, = 1 transition. The repumper laser is locked at 3Rb F,=3 = F.=3by
SAS. Fig. 3.10 shows the MOT for the atom in the lower hyperfine ground state
with same trap parameters as for the first case. Only difference is the coils current
of 3.3 A passing through upper coil and 3 A passing through the lower coil, are
used to generate magnetic field gradient to confine atoms at the center. Instead of
forming a spherical cloud of atom, a ring shaped MOT shows up. It is possible
to get the ring shaped MOT by misaligning the laser beams [93, 94]. We tried
to change the alignment of the laser beams but the center always stays hollow.
Laser cooling and trapping for atoms in lower hyperfine ground state have been
reported before [32] but they used the technique to stabilize the laser frequency
that uses external magnetic field [95]. As the Zeeman sublevels of ground and
excited stated are not coupled well in case of F, > F,, the uncoupled excited state
act as dark states and trapping force becomes weak. Zeeman splitting of cooling
transitions, polarization of the laser beams and mixing of closely spaced hyperfine
energy levels play a significant role in trapping force in type-1I cooling transitions.
It becomes more complex as atom cannot scatter photons continuously without

being optically pumped to a dark state and still not understood fully.

3.4 Summary

The ability of MTS to produce distinct line with negligible background with zero
crossing accurately centered at the resonance frequency of the cyclic transition
is utilized alongside AOM to generate TMTS. In two cases, a red detuned and a
blue detuned TMTS signal by 200 MHz are generated for 83Rb F,=3—>F,=4
and 3'Rb F, =2 — F, = 3 D2 cyclic transition lines. It offers Independence of
peak to peak amplitude and signal gradient from tuning of laser beam.

The requirement of laser beam to be detuned below the resonance frequency
for MOT is achieved by TMTS for type-1 (F, < F,) and type-II (F; > F,). For
type-I MOT, trap laser is locked at F, = 3 — F, = 4 D2 transition line of 85Rb
atoms. Three orthogonal pairs of trap beams are red detuned by 13 MHz. The

repumper laser’s frequency is stabilized using SAS at F, =2 — F, = 3 transition
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of 8°Rb atoms. 4.8 x 10° no of Rb atoms are trapped with corresponding density
of 7.6 x 103 ¢m™3 of atomic mixture. On the other hand, trap beams for type-
II MOT are locked at F, =2 — F, = 1 D2 transition line of 85Rb atoms using
TMTS. The repumper is locked at F, = 3 — F, = 3 transition with SAS. The
atomic cloud forms a ring shape for Type-II MOT and exhibit greater complexity
due to the inability of atoms to scatter photons in a continuous manner without
undergoing optical pumping to a dark state. The complete understanding of this
phenomenon is still lacking. Zeeman splitting, polarization of the laser beams,
alignment of laser beam and mixing of closely spaced hyperfine energy levels

play a significant role in trapping force in type-II cooling transitions.
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Chapter 4
EIA and EIT with Varying Linear Polariza-

tion

4.1 Overview

In this chapter, the measurement and calculation of critical angle Or between
the polarization axes of the coupling and probe have been conducted, specifi-
cally in cases where Electromagnetically Induced Transparency (EIT) observes
an increase in amplitude or can be transformed into Electromagnetically Induced
Absorption (EIA). Both coupling and probe laser beams have linear polarization.
The investigations focus on the D2 line of the °Rb and 8’Rb atoms. This in-
volves the observation of two distinct ground state hyperfine lines, specifically F,
=2 and F, = 3, in the case of 85Rb atoms, and F, =1 and F,; = 2, in the case of
87Rb atoms, respectively.

The initial polarization of both the coupling and probe beams is linear and
parallel. The angle between the polarization axes of the coupling and probe is
varied by changing the angle of the coupling beam in 10-degree increments up
to 90 degrees, and a spectral profile is recorded for each Or. Closed transitions,
F, =3 — F, =4 of ®Rb and F, =2 — F, = 3 of 8'Rb, have EITs at 0 degrees
and switch to EIAs at a higher 6. Furthermore, open transitions, Fg =3 — F, =
2 and 3 of 3°Rb and F,=2 — F,=1and2of 87Rb have EITs at a smaller O,
but as the angle increases, the EITs switch to EIAs, which is largely due to the
influence of neighboring hyperfine transitions. Closed transition F, =3 — F, =
4 of Rb (F, =2 — F, = 3 of ’Rb) has EIT at 0 degrees due to neighboring F,
=3 - F,=2and 3 (F; =2 — F, = | and 2) open transitions of 3°Rb (}’Rb).
Likewise, open transitions Fo =3 — F, =2 and 3 of 85Rb (Fg=2—=F,=1and2
of 8’Rb) have EIAs at a larger O due to the strong EIA of the neighboring closed
transition Fy, =3 — F, =4 (F, =2 — F, = 3). This has been confirmed by the
calculation of the absorption profiles for degenerate two level systems (DTLS)

without neighboring transitions and degenerate multi level systems (DMLS) with
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neighboring transitions.

Transitions from lower ground hyperfine energy levels of 3Rb and 8’Rb are
open systems. Consequentially, the spectral profiles of F, =2 — F, = 1, 2, and
3 transitions of 85Rb and F; = 1 — F, = 0, 1, and 2 transitions of 8’Rb exhibit
EITs. By comparing the experimental spectra with DTLS and DMLS absorption
profiles, it is evident that the influence of neighboring transitions on each transi-
tion causes the amplitude of EITs to increase for transitions from lower ground
hyperfine energy levels.

This chapter is organized as follows: Section 4.2 presents theoretical back-
ground. Section 4.3 showcases the experimental procedures used. Section 4.4
presents the measured and calculated results, while the last Section 4.5 presents

some concluding remarks.

-4 -3 -2 -1 0 1 2 3 4

5P3/2 Fe =4 Ty vy W y y -
dd 34 120.6 MHz
Fo=3 | 4 HH 4 AH AH A A
63.4 MHz
= 2 —— ‘—— e ——— ‘—
€ 0 0 29.4 MHz
e=1 TN N
5812 Fg=3 - - - -
3036 MHz
Fg=2 —_—_ - = =

Figure 4.1: Energy level diagram for the F, = 3 — F, = 4 transitions of 85Rb D2 line. The blue

and red lines imply the transitions excited by coupling and probe beams, respectively.
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4.2 Theoretical Background

We solved the following density matrix equation for the F; =3 — F, =2, 3, and
4 transitions of the Rb D2 line:

p=- (l/h) [HO +V,p] + Prelax; 4.2.1)

where p is the density operator, and Hy and V are the atomic and interaction
Hamiltonians, respectively. The energy level diagram under consideration is shown

in Fig. 4.1. The atomic Hamiltonian in Eq. (4.2.1) is given by

= —Z Z h(8c+A4j) |Fe = j,m) (F, = j,m|, (4.2.2)
J=2m=—]

where O.(= d, — kv) is the effective detuning of the coupling beam, d, is the
detuning of the coupling beam, k is the wave vector, and v is the velocity of an
atom. For later purpose, 8, (= d, —kv) is defined for the probe beam similarly. In
Eq. (4.2.2), A4; is the frequency spacing between the states |F, = 4) and |F, = j).

The interaction Hamiltonian in Eq. (4.2.1) is given by

vo— ot Y Y Yl m e g) (Funl
q——lF =2m=-3 ’
+5 Q Z Z C3e’m\Fe,m)<Fg,m’+h.c., (4.2.3)
=2m=-3

where 0y = d, —d. and Q, (€.) is the Rabi frequency of the probe (coupling)
is the

beam. In Eq. (4.2.3), h.c. represents the hermitian conjugate and CIE;Z;
normalized transition strength between the states |F,,m,) and |Fg,mg> [96]. In
Eq. (4.2.1), prelax denotes the term associated with relaxation phenomena [97].
Because the quantization axis is chosen as the direction of the electric field
of the coupling beam, the coupling beam excites the transitions with Am = 0

as formulated in Eq. (4.2.3). Then, the probe beam excites the transitions with
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Am = 0 and £1, and the coefficients in Eq. (4.2.3) for the probe beam are given
by

a+] = $2_1/2 sin@, ay=cosH. 4.2.4)

The transitions by the coupling and probe beams are represented by the blue and
red arrows in Fig. 4.1, respectively. In Fig. 4.1, “0” and “9,” denote the effective
detuning of the coupling and probe beams with respect to the detuning of the
coupling beam, respectively.

The mixing of laser frequencies via atoms leads to creation of many oscilla-
tion frequencies for the density matrix elements. Then, the interaction of photons
up to the third order, the matrix elements for the optical coherences are decom-

posed explicitly as follows:

(1) s, 2

. — +
e;jn+q7gn1 P ,jﬂJrq 8m P ljn+q 8m
) —2i§
‘|—P(]) o ‘|‘P(]) e~ 20, 4.2.5)
m+q7gm Cm+q8m
(1) (2) —idt
A — +p\ e '
pefn:l:2’gm P ;nj:2’gm €p2:8m
+p (13) e_2i6dt, (4.2.6)
Cnt2:8m
(1) —idyt
| _ o, 427
eljni3 8m pe,Jniz s8&m ’ ( )

where ¢ = 0,£1 in Eq. (4.25)and p,; = (Fe = Jj.m'|p |Fg=3,m). The de-

composition of Zeeman coherence are given by

o _ A ) —idt 3) iS4t
e{n7efn+q - p€£q7 {n+q p ljn ithq 10d +peljn in+qel d 9 (4.2.8)
_ A
e{’“eerZ - pei]nyeerz ’ (429)

where ¢ =0,1inEq. (4.2.8),and p; ; = (F. = j,m'|p|Fe = j,m). The Zeeman
coherences for the ground state aremdecomposed similarly as those presented in

Egs. (4.2.8) and (4.2.9). The populations, diagonal matrix elements of the density
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operator, are decomposed as follows:

_ M 2 -is, )« s
Puttih = Pt T Puf s . +pu,{;,u,{1€l “, (4.2.10)
where [t = e or g and p(lj) ; is real.

Inserting the Hamiltonians and decomposed density matrix elements into Eq.
(4.2.1), a series of coupled time-dependent differential equations is obtained,
which is then solved in a steady-state regime to find the density matrix ele-
ments as a function of detunings and velocity. After averaging over the Maxwell—
Boltzmann velocity distribution, we obtain the absorption coefficient for the probe

beam as follows:

2 oo
_&]& dv e_(v/vmp)z
2n Q, J- ﬁvmp

xIm[Z Y Z a*cFe””“f Do, (4.2.11)

j=2g=—1m=-3 +go8m

where A is the wavelength of lasers, vy, is the most probable speed of atoms, and

in the cell, and Ny is the atomic density in the cell.

4.3 Experimental Setup

A laser beam of wavelength 780 nm from a single tunable external cavity diode
laser (DLpro, Toptica Inc.) passes through an optical window, reflecting a small
portion of it for saturation absorption spectroscopy (SAS), while the rest goes
to a polarizing beam splitter (PBS-1), as shown in Fig. 4.2. A half-wave plate
(HWP) is placed before PBS-1 to divide the beam into coupling and probe beams
and maintain the beam power ratio between the two resulting beams. The probe
beam is magnified by a factor of five to 4 mm in diameter with the beam ex-
pander (GBEOS5-B, Thorlabs) and is aimed at the vapor cell after passing through
the beam splitter (BS). A HWP before BS maintains the polarization of the probe

beam. The vapor cell has dimensions of 5 cm in length and 2.5 cm in diameter.

50



The vapor cell is protected from the effects of stray magnetic fields and the earth’s
magnetic field by five layers of p-metal sheet. The coupling beam is scanned by
passing through two acousto-optic modulators (AOM). The first AOM-1 (3080-
122, Gooch & Housego) is fixed at 80 MHz using the AOM driver (1080AF-
AINA-1.0 HCR, Gooch & Housego), and the other AOM-2 (3080-122, Crystal
Technology, Inc.) is scanned by 1 MHz at -80 MHz using the deflector driver
(DE-802EM26, IntraAction). To match the polarization of the probe beam (P-
polarized), another set of HWP and PBS is used for the coupling beam. A beam
expander (GBEO5-B, Thorlabs) also expands the coupling beam to 4 mm in di-
ameter. Both probe and coupling beams meet at BS, and HWP is placed on the
coupling beam before it falls onto BS to specify Or. For 10 different settings of
HWPs placed before the BS, spectral profiles are recorded for 6 transitions (F, =
2—F,=1,2,3and F; =3 — F, =2, 3, 4) of ®*Rb and 6 transitions (F, = 1 —
F,=0,1,2andF, =2 =+ F, =1, 2, 3) of 87RD for the D2 line of Rb atoms.

- Y
a5 PD
an -—
O A
L=
5
— =
S @
= =
3 2002
WH =
HWP
[
HWP BS
. |
M M q
PBS-1 ’ M

BE
~ 4
M N | HWP M

Figure 4.2: Schematic diagram of experimental setup. Component symbols: SAS: saturation ab-
sorption spectroscopy; W: window; HWP: halfwave plate; PBS: polarizing beam splitter; BE:
beam expander; A: aperture; AOM: acousto-optic modulator; M: mirror; BS: beam splitter; Bd:
beam dump; PD: photodetector.
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The SAS setup is similar to that described in Chap. 1 and includes a va-
por cell that measures 10cm in length and 2.5cm in diameter. The photodetector
(PDA36A-EC, Thorlabs) detects the probe beam of the SAS setup and feeds the
output to the Diode Laser Controller (DLC pro, Toptica Inc.) for laser frequency
stabilization.

At first, both the coupling and probe beams are P-polarized and Or between
them is O degrees. The co-propagating beams pass through the vapor cell, and
only the probe beam is detected at the photodetector (PDA36A-EC, Thorlabs).
An intersection angle of 0.1mRad is maintained between the probe and coupling
beams. The experiment is performed at room temperature. The polarization of
the probe beam stays P-polarized while the HWP rotates the polarization of the
coupling beam by 10 degrees for the second spectral profile. Similarly, spectral
profiles are recorded at 20, 30, 40, 50, 60, 70, 80, and 90 degree Or between the

probe and coupling beams.

4.4 Results and Discussion

In cases where EIT can be changed to EIA and vice versa for coupling and probe
laser beams with linear polarization, the critical g for switching from EIT to
EIA have been calculated and measured for transitions from F, = 2, and 3 of
85Rb and F, = 1, and 2 of 3’Rb, D2 line of Rb atoms. The four cases are:

F, =2 — F, =1, 2, and 3 transitions of 85Rb
* F, =3 = F, =2, 3, and 4 transitions of 85Rb
* F,=1—F,=0, 1, and 2 transitions of 87Rb

« F;=2 — F, =1, 2, and 3 transitions of ¥’Rb

With increasing Og, the spectral profiles change from EIT to EIA for atoms
with higher hyperfine energy levels (**Rb Fg =3 and 87 Fg =2) and stay the same
for atoms with lower hyperfine energy levels (%°Rb F, =2 and 37 F, = 1).
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Transmission (a.u)

Figure 4.3: Comparison o calculated and measured spectra for F, =2 — F, =1 transition con-
sidering (a) pure two-level resonant transition (b) a transition resonant at F, =2 — F, = 1 with

neighboring hyperfine transitions F, =2 — F, = 2 and F, =2 — F, = 3 (c) experimentally mea-
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sured spectra for resonant transition Fg =2 — F, = 1.

441 F,=2—F,=1,2,and 3 transitions of 3>Rb

The spectral profiles of transitions from the lower hyperfine energy level F, = 2
of the D2 line of 3Rb are shown as EITs in Figs. 4.3 (¢), 4.4 (c), and 4.5 (c) for
all Or from O degrees (7 ||7) to 90 degrees (7w Lm). The experimental spectra
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match up well with the DMLS absorption profiles shown in Figs. 4.3 (b), 4.4 (b),
and 4.5 (b). However, the DTLS absorption profiles shown in Figs. 4.3 (a), 4.4

(a), and 4.5 (a) have lower EIT amplitudes at all rotational angles of polarization.

This demonstrates unequivocally that the neighboring transitions influence the

spectral features of each transition.

DTLS DMLS Experiment
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Figure 4.4: Comparison of calculated and measured spectra for F, =2 — F, = 2 transition con-

sidering (a) pure two-level resonant transition (b) a transition resonant at F, =2 — F, = 2 with

neighboring hyperfine transitions F; =2 — F, =3 and F; =2 — F, = 1 (c) experimentally mea-

sured spectra for resonant transition Fg =2 — F, = 2.
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DTLS DMLS Experiment
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Figure 4.5: Comparison of calculated and measured spectra for F, =2 — F, = 3 transition con-
sidering (a) pure two-level resonant transition (b) a transition resonant at F, = 2 — F, = 3 with

neighboring hyperfine transitions F, =2 — F, = 1 and F, =2 — F, = 2 (c) experimentally mea-

sured spectra for resonant transition Fy =2 — F, = 3.

As shown in Fig. 4.3, the amplitude of EIT at 0 degree goes up as OR increases
for F, =2 — F, = 1. This is true for experimental spectra, DMLS, and DTLS
calculation results. The amplitude at each respective Or for DMLS is larger than
that of DTLS, which is due to the contribution from the neighboring F, =2 — F,

=2 and F; =2 — F, = 3 transitions. The influence of neighboring transitions is
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more clear in comparison of the DTLS and DMLS calculations of F, =2 — F, =
2and F, =2 — F, = 3 transitions.

The DTLS EITs of the F; =2 — F, = 2 transition at all O are quite small
in comparison to the DMLS. Higher amplitudes of DMLS are due to the neigh-
boring F; =2 — F, =1 and F, =2 — F, = 3 transitions. Like the F, =2 — F,
= 1 transition, the F, =2 — F, = 2 transition has an increase in amplitude as Or
goes up. This is shown in Fig. 4.4 for experimental spectra, DMLS, and DTLS
calculations, and it is also true for the F; = 2 — F, = 2 transition. In contrast to
the Fg =2 — F,=1and F, =2 — F, = 2 transitions, the DTLS of F; =2 — F, =
3 sees a decrease in amplitude with increasing Or. On the other hand, experimen-
tal spectra and DMLS absorption profiles increase in amplitude as the Or goes
up from 0 to 90 degrees, as shown in Fig. 4.5. Even though the amplitudes of
DTLS decrease as the Or goes up, the amplitudes of the DMLS spectral profiles
and experimental spectra increase as the Or goes up. This is because the EITs of
neighboring F, =2 — F, =2 and F; =2 — F, = 1 transitions make the amplitude

of this transition go up.

442 F,=3— F.=2,3, and 4 transitions of 8Rb

Transitions from the upper ground hyperfine energy level of the D2 line of 3°Rb
switch from EIT to EIA with an increase in the Or. The Fg =3 — F, = 4 transition
is a closed system, whereas F, =3 — F, =2 and F, =3 — F, = 3 are open systems.
This is why the DTLS of Fg =3 — F, =4 shown in Fig. 4.6 (a) are EIAs and the
DTLS of F; =3 — F, =3 shown in 4.7 (a) and F; = 3 — F, = 2 shown in 4.8 (a)
are EITs. Figs. 4.6 (b)-(c), 4.7 (b)-(c), and 4.8 (b)-(c) show that DMLS absorption
profiles and experimental spectra are EITs at small Or and EIAs at larger angles.

The closed F, = 3 — F, = 4 transition has EIT at 0 degrees (7 ||7) due to
the neighboring open F, =3 — F, =3 and F, = 3 — F, = 2 transitions. With an
increase in the R, EIT switches to EIA at 10 degrees, as shown in Figure 4.6 (b)-
(c). Further increasing the rotational angle increases the amplitude of EIA, and

the maximum amplitude of EIA is recorded at 90 degrees (7 L ). Although EIT
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at 0 degrees is relatively small, it only appears when coupling and probe beams

have linear parallel polarizations.
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Figure 4.6: Comparison of calculated and measured spectra for F, =3 — F, = 4 transition con-
sidering (a) pure two-level resonant transition (b) a transition resonant at F, =3 — F, = 4 with
neighboring hyperfine transitions F, =3 — F, = 3 and F, =3 — F, = 2 (c) experimentally mea-
sured spectra for resonant transition Fg =3 — F, = 4.

57



Transmission (a.u)

If we do not think about the neighboring effect, the DTLS absorption profile
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sured spectra for resonant transition Fy =3 — F, = 3.
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Figure 4.7: Comparison of calculated and measured spectra for F, =3 — F, = 3 transition con-
sidering (a) pure two-level resonant transition (b) a transition resonant at F, =3 — F, = 3 with

neighboring hyperfine transitions F, =3 — F, = 2 and F, = 3 — F, = 4 (c) experimentally mea-

shown in Fig. 4.6 (a) is EIA at O degrees and similar to EITs of open transitions
from the lower hyperfine ground state F, = 2 that get stronger as the Or goes up;
the EIA of F, =3 — F, = 4 gets stronger as the Or goes up. DMLS absorption

profiles match well with the experimental spectra, as shown in Fig. 4.6.



Transmission (a.u)

Other transitions, Fg =3 — F, =3 (Fig. 4.7) and F, =3 — F, =2 (Fig. 4.8),
are open systems but exhibit EIAs at higher Or because of the strong EIA of F,
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sured spectra for resonant transition Fg =3 — F, = 2.
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Figure 4.8: Comparison of calculated and measured spectra for F, =3 — F, = 2 transition con-
sidering (a) pure two-level resonant transition (b) a transition resonant at F, =3 — F, = 2 with

neighboring hyperfine transitions F, =3 — F, = 3 and F, = 3 — F, = 4 (c) experimentally mea-

=3 — F, = 4. EIT instead of EIA appears for DMLS and experimental spectra
for F, = 3 — F, = 4 because of weaker EIA at 0 degrees of DTLS. Also, EIAs

grow in amplitude with increasing polarization rotation angle. The F, =3 — F, =



3 and Fy =3 — F, =2 transitions have EITs for DTLS, but their amplitudes don’t
change much as the Og increases. Additionally, EITs of F, =3 — F, = 3 and F,
=3 — F, = 2 transitions are relatively weaker than EIAs of F; =3 — F, =4 in
amplitude, as shown in Figs. 4.7 (a), 4.7 (a), and 4.6 (a), respectively. So, there
are more chances of open transitions getting influenced by neighboring close F,
=3 — F, = 4 transition.

Both transitions have EITs at 0 and 10 degrees polarization rotation angles
and switch to EIA with further increments, as shown in Figs. 4.7 (b)-(c) and 4.8
(b)-(c). The strongest EIT signal is recorded at 0 degrees polarization rotation an-
gle, whereas after conversion, the EIA grows with the increase in rotational angle,
and the strongest EIA is recorded at 90 degrees. Experimental results match well

with the calculated absorption profiles.

443 F,=1-— F,=0,1, and 2 transitions of 8TRb

The transitions from the lower ground hyperfine energy level F, = 1 of the D2 line
of 87Rb have EITs at all Og, as can be seen in Figs. 4.9, 4.10, and 4.11. DTLS
absorption profiles at each 6r of F; = 1 — F, = 1 are stronger than those of F, =
l - F,=0and F, =1 — F, =2, as shown in Figs. 4.10 (a), 4.9 (a), and 4.11 (a),
respectively. This is different from the type II cycling F, =2 — F, = 1 transition
of 83Rb that has the strongest EIT signals and has dominating neighboring effects
on other transitions from F, = 2. As shown in Figs. 4.9 (b)-(c), 4.10 (b)-(c), and
4.11 (b)-(c), the open F, = 1 — F, = 1 transition has neighboring effects that
dominate the F; =1 — F, =0 and F; = 1 — F, = 2 transitions for 87Rb atoms
with F, = 1.

The comparison of DTLS, DMLS, and experimental spectra for transitions
from Fg = 1 is shown in Figs. 4.9 —4.11. As shown in Fig. 4.9 (a), DTLS exhibit
EITs, and their amplitude increases with the increase in Og for the F, =1 — F,
= 0 transition. Similar to DTLS, DMLS absorption profiles shown in 4.9 (b) have
EITs and get stronger with an increase in Or. DMLS calculations have a slightly

stronger amplitude of EITs because of the neighboring effect from F, =1 — F,

60



=1land Fy =1 — F, =2 transitions.
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Figure 4.9: Comparison of calculated and measured spectra for F, = 1 — F, = 0 transition con-
sidering (a) pure two-level resonant transition (b) a transition resonant at F, = 1 — F, = 0 with
neighboring hyperfine transitions F; =1 — F, = 1 and F; = 1 — F, = 2 (c) experimentally mea-

sured spectra for resonant transition Fg =1 — F, = 0.

Except for the linewidth, the experimental spectra shown in Fig. 4.9 (c) matches
well with the DMLS calculation. DTLS calculations of F, =1 — F, = 1 shown
in 4.10 (a) follow a similar pattern, as their EITs also get stronger as the Or goes

up, but their amplitude at each Oy is stronger than that of the F, =1 — F, =
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0 transition. DMLS calculated absorption profiles have stronger amplitudes be-
cause of the contribution from neighboring F; =1 -+ F,=0and F, =1 — F, =
2 transitions, as shown in Fig. 4.10 (b). The experimental spectra in Fig. 4.10 (c)

match well with DMLS profiles.
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Figure 4.10: Comparison of calculated and measured spectra for F, = 1 — F, = 1 transition
considering (a) pure two-level resonant transition (b) a transition resonant at F, =1 — F, =1
with neighboring hyperfine transitions F, =1 — F, =0 and F, =1 — F, = 2 (c) experimentally

measured spectra for resonant transition Fg =1 — F, = 1.
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Transmission (a.u)

In contrast to the DTLS of F; =1 — F, =0 and F; =1 — F, = 1 transi-
tions, Fg = 1 — F, = 0 decreases in amplitude as Or increases, as shown in Fig.
4.11 (a). This is similar to the F, = 2 — F, = 3 transition of 85Rb. Whereas the
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measured spectra for resonant transition Fg = 1 — F, =2.
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Figure 4.11: Comparison of calculated and measured spectra for F, = 1 — F, = 2 transition
considering (a) pure two-level resonant transition (b) a transition resonant at F, = 1 — F, = 2

with neighboring hyperfine transitions F; = 1 — F, =0 and F, =1 — F, = 1 (c) experimentally

DMLS calculated absorption profiles shown in figure 4.11 (b) increase with the

Or and have stronger signals at each respective angle. The experimental spectra



match well with the DMLS and increase in amplitude with Or because of the

contribution from the neighboring transitions.

444 F,=2—F,=1,2, and 3 transitions of 5’Rb
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Figure 4.12: Comparison of calculated and measured spectra for F, = 2 — F, = 3 transition
considering (a) pure two-level resonant transition (b) a transition resonant at F, =2 — F, = 3
with neighboring hyperfine transitions F; =2 — F, =1 and F, =2 — F, = 2 (c) experimentally
measured spectra for resonant transition Fg =2 — F, = 3.



The experimental spectra, DTLS, and DMLS calculated absorption profiles for
transitions from the upper ground hyperfine energy level F, = 2 of the D2 line of
87Rb are shown in Figs. 4.12, 4.13, and 4.14. A major difference in the effects of
neighboring transitions in 8’Rb atoms compared to 3°Rb atoms is that transitions
from hyperfine ground states of 3’Rb have larger hyperfine splittings. Instead of
EIA, the close Fg =2 — F, = 3 transition exhibits EIT at a 0 degree Or, whereas
the open F, =2 — F, =2 and F, =2 — F, = 1 transitions exhibit EIAs at higher
ORr, as shown in Figs. 4.12 (¢), 4.13 (c¢), and 4.14 (c).

The DTLS and DMLS calculated absorption profiles and experimental spec-
tra for the close F, =2 — F, = 3 transition are shown in Figs. 4.12 (a)—(c). EIT
instead of EIA appears at a 0 degree polarization angle that switches to EIA at 10
degrees. After switching to EIA, the spectral profiles grow in amplitude with an
increase in Or. The maximum amplitude of EIA appears at 90 degrees, as shown
in Fig. 4.12 (c). The experimental profiles match well the calculated DMLS ab-
sorption spectra shown in Fig. 4.12 (b) with EIT at 0 degrees, and after switching
to EIA, they grow. The influence of close-by open F, =2 — F, =2 and F, =
2 — F, =1 transitions is what causes EIT at 0 degrees. This is why calculated
DTLS absorption profiles without the contribution from neighboring transitions
have EIAs at all Og, as shown in Fig. 4.12 (a). The DTLS EIAs also grow in
amplitude with an increase in OR.

The open Fy =2 — F, = 2 has growing EITs with increasing 6r for DTLS
with relatively small amplitudes, as shown in Fig. 4.13 (a). Because of the domi-
nating close F, =2 — F, = 3 transition, the calculated DMLS absorption profiles
are switching from EIT to EIA at a 20 degree O, as shown in Fig. 4.13 (b). Sim-
ilarly, experimental spectra show a shift from EIT to EIA in Fig. 4.13 (c). After
switching, EIA grows in amplitude with increasing Or, and maximum amplitude
is recorded at a 90 degree OR. EIT, on the other hand, has maximum amplitude at

0 degrees Or for both DMLS and experimental spectra.
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Figure 4.13: Comparison of calculated and measured spectra for F, =2 — F, = 2 transition
considering (a) pure two-level resonant transition (b) a transition resonant at F, =2 — F, = 2

with neighboring hyperfine transitions F; =2 — F, =3 and F, =2 — F, = 1 (c) experimentally

measured spectra for resonant transition Fg =2 — F, = 2.

The F, =2 — F, = 1 transition also has growing EITs with increasing 6r
for DTLS, as shown in Fig. 4.14 (a). This transition is further away from the F,
= 2 — F, = 3 transition because hyperfine splitting is large, which is why the
EIT switches to EIA at a larger O as compared to F, =2 — F, = 2 for DMLS

calculations results shown in Fig. 4.14 (b). Experimental spectra switch to EIA at
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an even larger angle, as shown in Fig. 4.14 (c), and do not match well the DMLS

absorption profiles.
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Figure 4.14: Comparison of calculated and measured spectra for F, =2 — F, = 1 transition
considering (a) pure two-level resonant transition (b) a transition resonant at F, =2 — F, = 1

with neighboring hyperfine transitions F; =2 — F, = 3 and F, =2 — F, = 2 (c) experimentally
measured spectra for resonant transition Fg =2 — F, = 1.

67



4.5 Summary

The measurement and calculation of crucial polarization angles have been car-
ried out within the framework of linear polarization of coupling and probe laser
beams, particularly in scenarios where EIT exhibits an amplification in magnitude
or can be converted into EIA. The experiments conducted thus far have mostly
concentrated on the D2 line of the 3°Rb and 3'Rb atoms. The procedure entails
the examination of two separate ground state hyperfine lines, Fg = 2 and Fg = 3
of 8°Rb atoms, and Fg=1and F, =2 of 87Rb atoms, correspondingly.

The coupling and probe beams are initially polarized in a linear and parallel
configuration. The coupling beam’s polarization angle is systematically incre-
mented by 10 degrees, reaching a maximum of 90 degrees. For each increment, a
spectral profile is recorded. The closed transitions of F; =2 — F, =4 in 85Rb and
Fo=2—F =3in 87Rb exhibit EIT at an angle of 0 degrees. However, they tran-
sition to EIA at a greater Or. In addition, it is observed that the open transitions
F; =3 — F,=2and 3 of ®Rb, as well as F; =2 — F, = 1 and 2 of 3’Rb, exhibit
EIT at lower Or. However, as the rotational angle increases, these EIT shift to
EIA. This transition is mostly attributed to the impact of neighboring hyperfine
transitions. The has been confirmed by the calculation of absorption profiles for
degenerate two level systems (DTLS) without neighboring transitions, as well as
degenerate multi level systems (DMLS) featuring neighboring transitions.

The transitions from the lower ground hyperfine energy levels of 3Rb and
87Rb demonstrate EIT. Upon doing a comparative analysis between the exper-
imental spectra and the absorption profiles obtained through DTLS and DMLS
calculations, it becomes apparent that the presence of neighboring transitions sig-
nificantly impacts each transition. This influence leads to an observable increase
in the amplitude of EITs for transitions originating from lower ground hyperfine

energy levels.
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Chapter 5
Coherent Control of EIA and EIT

5.1 Overview

This chapter provides a description of the effects of neighboring transitions with
respect to the artificial variation in the hyperfine splitting of Rb atoms. The influ-
ence of neighboring transitions on the exhibition of coherent absorption profiles is
significant and the strength of this influence depends on the hyperfine splitting of
the states. The chapter is organized as follows: Section 5.2 presents the influence
of neighboring transitions with respectto artificially varying hyperfine splitting of
87Rb atoms with linear parallel (r||7) and linear perpendicular (7L 7) configu-
ration of the coupling and probe beams. Section 5.3 describes the influence of
neighboring transitions with respect to artificially varying hyperfine splitting of
85Rb atoms with same circular (o||o) and circular orthogonal (6 1.0) configu-
ration of the coupling and probe beams and Sec. 5.4 presents some concluding

remarks.

5.2 Artificial Variation in Hyperfine Splitting of 3’Rb

The requirements proposed by Lezama [98] are widely recognized and give rise
to electromagnetically induced absorption (EIA) in the context of the degenerate

two-level system (DTLS), as expressed below:
* The ground state must exhibit degeneracy
e Fo=F, +1
e The transition from F; — F, must be closed

Nevertheless, the established standards of EIA in DTLS may be compromised
under certain circumstances, such as when dealing with a particular polarization

configuration and power ratios between coupling and probe beams, among other
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factors. The EIA can be compromised by the influence of neighboring transi-
tions, which is contingent upon the spacing between the hyperfine levels in the
excited state of the transition. In this study, we investigate the relationship be-
tween nearby transitions and spectral profiles in the 5P3 , state of 87Rb, focusing
on the variations that occur as a result of different hyperfine spacings. In addi-
tion, we provide instances where Lezama’s criteria are not met, specifically in the
context of the F, =2 — F, = 3 transition of 87Rb atoms in the 7||7r configuration,
where the broken case of electromagnetically induced transmission (EIT instead
of EIA) is observed. This deviation from the expected behavior is distinct from
the observed EIAs in the 7 L7 configuration for the same F, =2 — F, = 3 transi-
tion, particularly under conditions of low coupling power. Notably, this is the first
time such broken cases have been reported. The observation of EITs in the x||7
configuration and EIAs in the 7L 7 configuration for the open Fg =2 — F, =1
and 2 transitions can be attributed to the influence of neighboring effects. This
study demonstrates that the influence of neighboring transitions on the observed
EIA or EIT transformation for the F, =2 — F, = 1, 2, and 3 transitions of the
87Rb D2 line is contingent upon the polarization configuration of the coupling

and probe beams.

5.2.1 Methods

The EIA spectra for the perpendicular (7L 1) and parallel (|| 7r) configurations is
calculated using the identical methodologies outlined in Sec. 4.2. Given that the
sole discrepancy between the calculations outlined in Sec. 4.2 pertains to the con-
figuration of the energy level, we abstain from providing an elaborate exposition
of the theoretical background. The atomic energy level diagrams pertaining to the
D2 transition lines of 8’Rb are depicted in Fig. 5.1 (a). The figure depicted in Fig.
5.1 (b) illustrates the level schemes that are taken into account for the transition
from the ground state F, = 2 to the excited state F, = 3. This transition is studied
in the presence of two beams, namely the coupling beam and the probe beam,

which are configured in the 7 L 7 and 7|| & orientations, respectively.
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Figure 5.1: (a) Energy level diagram of 8’Rb D2 transition line, wherein the red and blue lines
indicate transitions by the probe and coupling beams, respectively. (b) Level schemes considered
in the case of the F, =2 — F, = 3 transition with two coupling and probe beams in (i) 7_L7 and,

(ii) 7|/ configurations.

Fig. 4.2 displays a schematic illustration of the experimental setup. The gen-
eration of coupling and probe beams is facilitated through the utilization of a
single tunable external cavity diode laser (DLPro, Toptica Inc.). The experimen-
tal arrangement of saturation absorption spectroscopy (SAS) ,as described in Sec.
1.1.2, is employed to stabilize the laser frequency at transition within the D2 line
of 37Rb. The half-wave plate (HWP) is employed to effectively control polariza-
tion and sustain powers of 50 yW and 15 uW for the coupling and probe beams,

respectively. The scanning detuning (A) of the coupling beam is accomplished by
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transmitting it through a configuration consisting of two acoustic optic modula-
tors (AOMs) in a single-pass arrangement. In order to achieve a uniform intensity
across a 4-mm diameter, both the coupling and probe beams are subjected to a
five-fold expansion using beam expanders (BE). A beam splitter (BS) facilitates
the passage of co-propagating coupling and probe beams through the vapor cell.
A separation angle of approximately ~ 0.1 mRad is maintained in order to sepa-
rate the probe beam at the photo detector (PD). The study is performed under the
ambient conditions, utilizing 87Rb atoms that were confined within a reference
vapor cell. To mitigate the influence of stray and terrestrial magnetic fields within
the vapor cell, a protective measure is implemented by enclosing the cell with a

layers of five p-metal sheets.

5.2.2 Results and Discussion

The first panel of Figs. 4.12, 4.13, and 4.14 recorded at 0 degree presents the
comparison between DTLS calculation, degenerate multi-level system (DMLS)
calculation and experimental spectra for linear parallel polarization of coupling
and probe beams, whereas the last panel of Figs. 4.12, 4.13, and 4.14 recorded
at 90 degrees presents the comparison between DTLS calculation, DMLS calcu-
lation and experimental spectra for linear perpendicular polarization of coupling
and probe beams forthe F; =2 - F,=3,F, =2 - F,=2,andF, =2 — F, =
1 transitions of D2 line of 3’Rb atoms. The DTLS calculations are done without
considering the effects of neighboring transitions, whereas DMLS calculations
take into account the effect of neighboring transitions.

The top panel (at 90 degrees) of Fig. 4.12 (a) shows a relatively strong am-
plitude of EIA for the closed transition F, =2 — F, = 3, when employing a pure
DTLS system that fulfills all the required EIA requirements [98]. Two open tran-
sitions Fg =2 — F, =2 and F; =2 — F, = 1 exibit EITs, as shown in Figs. 4.13
(a), and 4.14 (a). The absorption profiles obtained by considering the neighbor-
ing transitions adjacent to the resonant transitions Fg =2 - F, =1 ,F, =2 —

F, =2, and F, =2 — F, = 3 generate EIAs, primarily caused by the dominant
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closed transition F, =2 — F, = 3, shown in top panel of Figs. 4.12 (b), 4.13 (b),
and 4.14 (b). Similar trend of all transitions exhibiting EIAs is recorded for the
experimentally measured spectra depicted in top panel of Figs. 4.12 (c), 4.13 (c¢),
and 4.14 (c). The amplitude of EIAs exhibits a declining pattern as the excited
state angular quantum number F, decreases, as observed in both experimental and
DMLS calculations that take into account all neighboring transitions. The dispar-
ity in amplitude can be attributed to the variation in energy between the hyperfine
levels of the excited states F; =2 — F, = 1 and F, =2 — F, = 2, which are sep-
arated by 426.59 MHz and 266.65 MHz, respectively, from the closed transition
Fo=2 —F,=3.

The experimental findings pertaining to 3’Rb atoms showcased in the top
panel of Figs. 4.12, 4.13, and 4.14 exhibit a notable resemblance to the outcomes
observed first panel of Figs. 4.6, 4.7, and 4.8 for 85Rb atoms. This suggests that
the qualitative impact of neighboring transitions on 8’Rb and ®Rb is compara-
ble. Hence, it would be quite intriguing to observe the extent to which the impact
of neighboring transitions fluctuates based on the hyperfine frequency spacing
within the 5P3  state. In order to investigate this particular phenomenon, we em-
ploy a theoretical approach to determine the EIA spectra for atoms of 8’Rb. This
is achieved by artificially manipulating the hyperfine frequency spacings. The
ratio presented in Fig. 5.2 represents the artificial amplification factor of the hy-
perfine splittings seen in 8’Rb. For instance, when the ratio is 0.5, the hyperfine
splittings exhibit a reduction to half of those observed for 8"Rb.

The calculated results for the 7_L 7 arrangement are illustrated in Fig. 5.2. Fig.
5.2 (a), (b), and (c) present the outcomes pertaining to the transitions F, =2 —
Fe=3,F,=2 = F,=2,and F, =2 — F, = 1, respectively. These results were
obtained through the artificial manipulation of the hyperfine spacings. The EIA
in Fig. 5.2 (a) exhibits no changes when subjected to varying hyperfine spacings.
The EIA of F;, =2 — F, = 3 closed transition is very stable. Furthermore, the
influence of any open transitions on this transition is negligible. Therefore, the
characteristic of EIA remains unchanged irrespective of the amplification factor.

In Fig. 5.2 (b), the EIA of F, =2 — F, = 2 open transition undergoes a transfor-
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mation to a EIT as the ratio grows. With growing ratio, the impact of F, =2 —
F. = 3 closed transition becomes less pronounced. Therefore, the signal achieves
complete transmission. The transition from the EIA to the EIT takes place when
the ratio approaches a value of around 1.9. The outcomes corresponding to the
F, =2 — F, = 1 transition, as seen in Fig. 5.2 (¢), demonstrate comparable char-
acteristics to those observed in the F, = 2 — F, = 2 transition. The transition
depicted in Fig. 5.2 (c) takes place at a ratio of 1.2. This value is justifiable as the
resonance line for the Fy =2 — F, = 3 transition is further away compared to the
scenario illustrated in Fig. 5.2 (b).

The first panel of Figs. 4.12, 4.13, and 4.14 present calculated and measured
spectra for the D2 line of 8’Rb with respect to the 7|7 configuration of coupling
and probe laser beams. The first panel of Figs. 4.12 (a), 4.13 (a), and 4.14 (a)
depict the calculations of pure DTLS system, whereas the first panel of Figs. 4.12
(b), 4.13 (b), and 4.14 (b) take into account the neighboring transitions. The first
panel of Figs. 4.12 (c), 4.13 (c), and 4.14 (c) displays the spectra obtained from
experimental measurements of the resonant transitions F, =2 — F, =3,F, =2 —
Fo.=2,andF, =2 = F, = 1.

The F, =2 — F, = 2 open transition exhibits the strongest EIT signal for
DTLS calculation, as shown in first panel of Fig. 4.13, among other transitions
and dominates the neighboring effect onto other transitions. The DMLS consid-
ering neighboring transition and experimental spectra obtained for F, =2 — F,
=3,F;=2—F,=2,and F, =2 — F, = 1 transitions show up as EITs, as shown
in the first panel of Figs. 4.12 (b-c), 4.13 (b-c), and 4.14 (b-c), respectively. The
F, =2 — F, = 1 transition has the strongest EIT for DMLS calculations and ex-
perimental spectra which is largely due to the strong EIT of F, =2 — F, =2 in
DTLS. The F, = 2 — F, = 3 close transition also exhibit weak EITs in DMLS
calculation and experimental spectral profile instead of EIA pertaining to the F,

=2 — F, = 2 open transition.
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Transmission (a. u.)

Fig. 5.3 (a), (b), and (c) depict the results by artificially varying the hyperfine
splitting for the || configuration of the F; =2 — F, =3,F, =2 = F, =2, and
F, =2— F, = 1 transitions, respectively. Fig. 5.3 (a) illustrates the transition of

the EIT signal to the EIA signal as the ratio grows, specifically for the Fg =2 —
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Figure 5.2: The spectral characteristics of the L7 configuration with artificial variation in the
hyperfine splittings of 87Rb for the (a) Fe=2—F,=3,b)F;=2—=F,=2,and (¢c)F, =2 — F.,

=] transitions.

F, = 3 transition. The transition takes place when the ratio reaches an estimated

value of 1.15. The EIT signal observed at this transition can be attributed to the



influence of the Fg =2 — F, =2 and F, =2 — F, = 1 open transitions. As the
ratio of artificial hyperfine spacings grow, there is a corresponding reduction in
the impact of the open transition. The EIT signals observed in Figs. 5.3 (b) and
(c) remain unchanged even when the ratio is less than one. This suggests that the
influence of the F, =2 — F, = 3 closed transition is significantly weaker in the

7|7 configuration compared to the L 7 configuration.
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Figure 5.3: The spectral characteristics of the 7|7 configuration with artificial variation in the
hyperfine splittings of 8’Rb for the (a) F; =2 — F, =3, (b)) F; =2 - F,=2,and (c) F;, =2 - F,

=1 transitions.
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5.3 Artificial Variation in Hyperfine Splitting of 3°Rb

In order to comprehend the contrasting behavior exhibited by the coherent res-
onances in the 7|7 and w17 configuration of coupling and probe beams, the
spectral changes in the F, = 3 — F, = 2 transition of 85Rb by artificially ma-
nipulating the hyperfine splittings of 3°Rb is also presented with respect to the
o||o and o 1 o configurations of coupling and probe beams. The method for cal-
culating DTLS absorption profiles without neighboring transitions and DMLS
absorption profiles considering the neighboring transitions is same as described
in Sec. 4.2.

5.3.1 Experimental Setup

A polarizing beam splitter (PBS) is used to separate a beam emitted by a sin-
gle tunable external cavity diode laser (DLPro, Toptica Inc.) with a wavelength
of 780 nm. The probe beam and the pump beam were generated using a single
laser equipped with two acousto-optic modulators (AOMs, 3080-122, Gooch &
Housego). The utilization of a half-wave plate (HWP) positioned right before
the polarizing beam splitter (PBS) facilitated the regulation of the beam powers
for both the coupling and probing beams. The desired configuration of circular
polarization for the coupling and probe beams is manipulated by employing a
combination of a HWP and quarter-wave plates (QWP) prior to a beam splitter
(BS), as depicted in Fig. 5.4. The beam splitter (BS) is employed to spatially
overlap the co-propagating coupling and probe beams within the Rb vapor cell.
The power of the probe and coupling beams are measured to be 15 uW and 50
UW, respectively.

The coupling beam was scanned by passing it through AOMs in a single-pass
configuration. The modulation frequency of one of AOMs is set at a constant
value of 80 MHz, while the second AOM is varied within a range of £1 MHz
centered around -80 MHz. The RF spectrum analyzer (Tektronix 2712) was em-

ployed to calibrate the time axis, specifically in terms of frequency, of the oscil-
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loscope. The purpose of scanning the coupling beam was to mitigate the effects
of Doppler broadening. To ensure a uniform beam with a diameter of 4 mm, both
the coupling and probe beams underwent a five-fold expansion using the beam
expander (GBEO5-B, Thorlabs). The vapor cell, which measures 5 cm in length
and 2.5 cm in diameter, is effectively protected by five layers of p-metal sheets.
This shielding effectively prevents any interference from external magnetic fields,

including both stray fields and the Earth’s magnetic field.
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Figure 5.4: Schematic diagram of experimental setup. Component symbols: SAS: saturation ab-
sorption spectroscopy; W: window; HWP: halfwave plate; QWP: quarter-wave plate; PBS: polar-
izing beam splitter; BE: beam expander; A: aperture; AOM: acousto-optic modulator; M: mirror;
BS: beam splitter; Bd: beam dump; PD: photodetector.
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5.3.2 Results and Discussion
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Figure 5.5: Spectral profiles with ¢||o configuration of coupling and probe beams at F, =3 —
F, =2, 3, and 4 of 3Rb D2 line considering (a) DTLS calculations without neighboring effects of
Fg=3 =+ F,=2,F, =3 —F, =3, and F; =3 — F, =4 transitions; (b) DMLS calculations (with
neighboring effects) of F;, =3 - F, =2 (3 and4),F;=3 - F,=3(2and 4),and F; =3 = F, =
4 (2 and 3); and (c) experimentally measured spectra for Fg =3 =+ F, =2,F, =3 — F, =3, and
Fg =3 — F, =4 transitions.

The DTLS absorption profile of F, =3 — F, = 4 closed transition exhibit strong
EIA while open transitions Fg =3 — F, = 3 and F, = 3 — F, = 2 exhibit EITs,
as shown in Fig. 5.5 (a). The DMLS spectra of F, = 3 — F, = 4 with neighboring
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transitions F, =3 — F, =3 and 2, F, = 3 — F, = 3 with neighboring transitions
F, =3 =+ F,=4and 2, and F, = 3 — F, = 2 with neighboring transitions F,
=3 — F, = 4 and 3 present EIAs, as shown in Fig. 5.5 (b). The experimental
profiles match well with the calculated DMLS profiles and confirm the influence
of neighboring hyperfine F, = 3 — F, = 4 closed transition on F; =3 — F, =3
and F, =3 — F, =2, as shown in Fig. 5.5 (¢).

Same should be true for transitions from upper ground state F, = 3 of 87Rb
atoms, but 8’Rb F, =2 — F, = 1 transition exhibit EIT [77]. The reason for weak
neighboring effect of 8’Rb F, =2 — F, = 3 closed transition on neighboring 87Rb
F,=2—F,=2and 87Rb F, =2 — F, = 1is due to the large hyperfine splitting of
87Rb atoms. Fig. 5.6 presents the artificial variation of hyperfine energy splittings
of F, =3 — F, = 2 transition of 85Rb atoms with same circular polarization of
coupling and probe beams. The profile at unity ratio corresponds to the DMLS
absorption profile for the F, =3 — F, =2, whereas ratio of 2.3 corresponds to the
hyperfine energy splitting of F, =2 — F, = 1 transition of 87Rb atoms.

The ratio depicted in Fig. 5.6 suggests the artificial amplification factor of the
hyperfine splittings observed in 83Rb. It is worth noting that the factor of 2.3 is a
close approximation to the hyperfine splittings seen in 3’Rb. The trace observed
at the unity ratio in Fig. 5.6, which demonstrates the phenomenon of EIA, is
identical to the trace depicted in the lowest panel of Fig. 5.5. As the ratio grows,
there is an observable alteration in the spectral profile, leading to a transformation
of the EIA to EIT. This transformation occurs within a ratio range of around 1.5
to 1.8. It is observed that there are no substantial disparities in the spectra of
87Rb and ®5Rb atoms when the hyperfine splittings are artificially adjusted to
comparable spacings. Fig. 5.6 illustrates the contrasting resonant characteristics
seen in the 8'Rb system for the F, = 2 — F, = 1 transition and the F, =3 — F,
= 2 transition. In terms of qualitative analysis, it can be observed that an increase

in hyperfine splitting leads to decrease in neighboring effects.
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Figure 5.6: Spectral profile with artificial variation in hyperfine splitting of F, =3 — F, = 2
transition of 35Rb with respect to circular parallel (o]|o) configuration of coupling and probe

beams.

The circular orthogonal (¢ 1 o) polarization of coupling and probe beam is
illustrated in Fig. 5.7. A strong split EIA is observed for F, =3 — F, = 4 closed
transition of 8Rb atoms for DTLS calculations, as shown in the top panel of
Fig. 5.7 (a). The open Fg =3 — F, = 3 and F, = 3 — F, = 2 transitions, on the
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other hand, exhibit EITs for DTLS. The DMLS spectra of F, =3 — F, = 4 with
neighboring transitions F, =3 — F, =3 and 2, F, = 3 — F, = 3 with neighboring
transitions F, =3 — F, =4 and 2, and F, = 3 — F, = 2 with neighboring transi-
tions F, =3 — F, = 4 and 3 present split EIAs just like the split EIA of F, = 3
— F, =4 transition in DTLS, as shown in Fig. 5.7 (b). The experimental spectra,
shown in Fig. 5.7 (¢), has split EIAs for all F, =3 — F, = 4, 3, and 2 transitions.
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Figure 5.7: Spectral profiles with 6 Lo configuration of coupling and probe beams at F, =3 —
F, =2, 3, and 4 of Rb D2 line considering (a) DTLS calculations without neighboring effects
of Fg =3 —+F,=2,F, =3 =+ F,=3,and F; =3 — F, = 4 transitions; (b) DMLS calculations
(with neighboring effects) of F, =3 -+ F, =2 (3and4),F, =3 - F,=3(2and 4), and F, =3 —
F. =4 (2 and 3); and (c) experimentally measured spectra for Fg =3 —+ F, =2,F, =3 =+ F, =3,
and F; =3 — F, = 4 transitions.
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Figure 5.8: Spectral profile with artificial variation in hyperfine splitting of F, =3 — F, = 2
transition of 83Rb with respect to circular orthogonal (¢ L&) configuration of coupling and probe

beams.

In Fig. 5.8, the hyperfine energy splittings of 3°Rb is artificially varied by a
factor equivalent to the ratio for o L o configuration of coupling and probe beams.
The profile at unity ratio corresponds to the DMLS absorption profile for the Fy

=3 — F, = 2 transition of 3Rb atoms with circular orthogonal configuration

83



of coupling and probe beams. The spectra at a ratio of 2.3 corresponds to the
hyperfine energy splitting of 8’Rb F, =2 — F, = 1 transition. Similar to the
o||o configuration of couplin and probe beams, oL 6 has weaker influence of
neighboring transitions [78].

As the ratio grows, it can be observed that EIA sees a consistent reduction
in amplitude. In comparison to the outcomes observed in the ¢||c configuration,
the degree of variation is not notably substantial. Upon evaluating the transition
strengths associated with the pertinent transitions of the two polarization config-
urations (o ||o and 6.10), it is evident that the overall transition strengths in the
scenario of the o||c configuration exhibit significantly greater magnitude com-

pared to those observed in the ¢ L o configuration.

5.4 Summary

The chapter focused on examining the impact of neighboring transitions, caused
by Doppler broadening, on EIA and EIT in a degenerate two-level system. Specif-
ically, the F; =2 — F, = 1, 2 and 3 transitions the 3’Rb D2 with both linear par-
allel (r||) and linear perpendicular (7_L7) polarization of coupling and probe
beams. A notable fluctuations in EIT and EIA resulting from the influence of
neighboring transitions by artificially manipulating the hyperfine spacings of the
5P3; state is presented using both the experimentally measured spectra and the-
oretical absorption profiles. The investigation also involves the evaluation of the
relationship between spectral characteristics and hyperfine spacing for same cir-
cular (o||o) and circular orthogonal (6L ) polarization of coupling and probe.
This is achieved by intentionally manipulating the hyperfine spacing of 8°Rb
atoms. The prediction of transitions between EIA and EIT can be facilitated by

utilizing the result obtained from this study.
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Chapter 6
Conclusion

This thesis addresses mainly on two distinct subjects, namely modulation transfer
spectroscopy (MTS) and the impact of neighboring transitions on electromagnet-
ically induced absorption (EIA) and electromagnetically induced transmission
(EIT). The MTS produces a signal that exhibits dispersive characteristics and
without any background noise. This property makes it suitable for laser frequency
stabilization without the need for direct modulation of the probe laser. Moreover,
MTS exhibits a high sensitivity in detecting cycling transitions, making it partic-
ularly advantageous in scenarios involving closely spaced hyperfine transitions.
The MTS signals are generated for the F, =3 — F, = 4 transition of 85Rb and
the F; =2 — F, = 3 transition of 87Rb atoms with negligible background and
zero crossing accurately centered at the resonance. In order to provide additional
evidence of the applicability of this technique in achieving laser frequency sta-
bilization in the presence of numerous closely spaced hyperfine transitions, we
additionally acquired the MTS signal corresponding to the F, =2 — F, =1 transi-
tion of 8°Rb. The MTS signals generated using a single laser have been compared
with those obtained through the two-color MTS (TCMTS).

The experimental and theoretical demonstration of V-type TCMTS has been
conducted for the D2 line of Rb atoms, taking into account Zeeman sublevels in
order to address the optical Bloch equation. The probe beam is in resonance with
the F, =3 — F, =2, 3, and 4 transitions of ®*Rb and F; =2 — F, = 1, 2, and 3
transitions of 3’Rb atoms. The pump beam is both scanning and modulated. The
pump beam is modulated using the electro-optic modulator (EOM). In the first
case of °Rb atoms, probe beam is fixed at F, =3 — F, = 4 transition and pump
beam is scanning across the transitions fro the F, = 3 ground hyperfine state. This
generates an MTS signal with larger peak to peak amplitude in comparison to
the one-color MTS (OCMTS) with both pump and probe beams scanning across
transitions from Fg = 3 hyperfine ground state. In other two cases of TMTS for
85Rb atoms, the probe beam is fixed at F;, =3 — F, =3 and F, =3 — F, =

2 transitions. The scanning and modulated pump beam transfers modulation to
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open transitions in a nonlinear four-wave mixing process in the Rb vapor cell.
The MTS signals for F, =3 — F, =3 and F, = 3 — F, = 2 are weaker then for
the probe beam fixed at F, = 3 — F, = 4. The further away the transition is from
the Fg =3 — F, =4 closed transition, smaller is the peak to peak amplitude of the
MTS Signal. Similarly, for the 3’Rb atoms, the MTS signals for Fo=2—>F.,=2
and Fg =2 — F, = 1 are weaker then for the probe beam fixed at F, =2 — F, = 3.
The ratio at which the peak to peak amplitude decreases when locking the probe
to the transition further away from the F, =2 — F, = 3 closed transition is larger
for 8’Rb atoms which is due the larger hyperfine splitting of 3’Rb in comparison
to 83Rb. One advantageous aspect of this technique is its ability to prepare several
configurations of pump and probe beams for frequency stabilization. The theoret-
ical calculations utilizing the optical Bloch equation exhibit a strong agreement
with the experimentally measured results. Therefore, spectroscopic technique is
available for performing MTS with different configurations of pump and probe
beams.

Furthermore, a study has been conducted on the tunable nature of the MTS.
This property allows the generation of a tunable reference signal that exhibits
dispersive-like behavior without compromising on peak to peak amplitude and
signal gradient. The Tunable Modulation Transfer Spectroscopy (TMTS) is em-
ployed to generate dispersive-like signal for F; =3 - F,=4andF, =2 - F, =1
D2 transitions 8 Rb atoms. These TMTS signals are utilized for Type I and Type
II magneto-optical trapping (MOT) of atoms in the Fy = 3 and F, = 2 hyperfine
ground states, respectively. In the context of the F, =2 — F, = 1 cycling transi-
tion where F, <F,, it is observed that the ground and excited Zeeman sublevels
remain decoupled. Consequently, the excited hyperfine level can be considered
as the dark state, devoid of any contribution to the trapping process. As a result,
a weak trapping force is observed.

Subsequently, a study is conducted on the impact of neighboring transitions
on electromagnetically induced absorption (EIA) and electromagnetically induced
transmission (EIT) in relation to the varying angle between the polarization axes

of the coupling and probe beams. This investigation specifically focuses on the
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D2 transition line of Rb. The relative orientation of the polarization axis of the
coupling and probing beams is a significant factor in the transition between EIA
and EIT, as well as the influence of neighboring hyperfine transitions. Closed
transitions, Fg =3 — F, = 4 of 3Rb and F, =2 — F, = 3 of 3’Rb, have EITs
at 0 degrees and switch to EIAs at a higher polarization rotational angle. Fur-
thermore, open transitions, F, =3 — F, =2 and 3 of 85Rb and Fo=2—F, =
1 and 2 of 8’Rb have EITs at a smaller polarization rotational angle, but as the
angle increases, the EITs switch to EIAs, which is largely due to the influence
of neighboring hyperfine transitions. Closed transition F; =3 — F, = 4 of 85Rb
(Fg=2—=F,=3of 87Rb) has EIT at 0 degrees due to neighboring F, =3 —
F,=2and 3 (F, =2 — F, =1 and 2) open transitions of 85Rb (37Rb). Likewise,
open transitions Fy =3 — F, =2 and 3 of ®Rb (F, =2 — F, = 1 and 2 of ®’Rb)
have EIAs at a larger polarization rotational angle due to the strong EIA of the
neighboring closed transition F, =3 — F, = 4 (F;, = 2 — F, = 3). Transitions
from lower ground hyperfine energy levels of 8°Rb and 8Rb are open systems.
Consequentially, the spectral profiles of F, =2 — F, =1, 2, and 3 transitions of
85Rb and Fe=1— F, =0, 1, and 2 transitions of 87Rb exhibit EITs. By com-
paring the experimental spectra with DTLS and DMLS absorption profiles, it is
evident that the influence of neighboring transitions on each transition causes the
amplitude of EITs to increase for transitions from lower ground hyperfine energy
levels. The determination of the critical angles for coherent control of EIA and
EIT is achieved using a combination of experimental measurements and theoreti-
cal calculations utilizing optical Bloch equations. Theoretical calculations exhibit
a strong correlation with their corresponding experimental spectra.

Lastly, the influence of neighboring transitions on EIA and EIT in a degener-
ate two-level system with respect to the artificial variation in the hyperfine split-
ting of Rb atoms is investigated. Specifically, we focus on the F; =2 — F, =1, 2,
and 3 transitions of the D2 line in 8’Rb, taking into account the effects of Doppler
broadening with both linear parallel (r||7) and linear perpendicular (L 7) polar-
ization of coupling and probe beams. The focus of our study is the notable fluctu-

ation observed in EIT and EIA caused by hyperfine splitting between the states.
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To investigate this, we artificially manipulate the hyperfine spacings of the 5P
state and compare them with experimentally measured spectra. The investigation
also involves the evaluation of the relationship between spectral characteristics
and hyperfine spacing for same circular (c||o) and circular orthogonal (o L 0)
polarization of coupling and probe for 3°Rb atoms. This is achieved by artificially
varying the hyperfine splitting of 3°Rb atoms. The prediction of transformations
between EIA and EIT can be facilitated by utilizing the results obtained from this
study.
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