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Abstract

Alkali atoms are ideal candidates for high-resolution spectroscopy owing to their
ability to strongly interact with visible and near-infrared (NIR) light, where tun-
able high-power lasers with narrow linewidths (< 100 kHz, much smaller than their
natural linewidth, ~ 10 MHz, for the strongest D-line transitions) are commer-
cially available. Due to their structural simplicity similar to the H-atom along with
a large vapor atomic density (~ 10'® atoms/m? even at near-room temperature),
alkalis provide an easily addressable system to probe various phenomena such as
Doppler-broadening, two-level saturation, optical-pumping-induced birefringence in
a closed system, absorption saturation in an open system, etc. The alkali D-line
transitions (having open and closed atomic transitions) have a wide range of appli-
cations in the classical as well as quantum domain, e.g., in Doppler-free spectroscopy,
four-wave mixing, laser frequency stabilization, atomic clocks, cold atoms, slowing
and storing light, quantum memories, etc. This thesis is a comprehensive theoretical
and experimental investigation of some of these important classical atom-optical in-
teractions. We provide simpler, less resource-intensive, efficient yet accurate compu-
tational models for these interactions, and experimentally validate their predictions

without using any fitting parameters.

The most straightforward yet useful probes of the D-line transitions in alkali atoms
are the Doppler-broadened and Doppler-free spectroscopies. These techniques re-
quire minimal experimental setups and are helpful in practically determining/cal-
ibrating fundamental atomic constants such as saturation intensity, vapor atomic
density, energy level spacing, etc. The primary focus of this thesis is the Rb D»-line
comprising strong electric-dipole hyperfine transitions with large oscillator strength
(~ 0.7), precisely determined transition probabilities, and long coherence time of
the hyperfine ground states. We present ab-initio reduced rate equation models
with a maximum of 7 levels to predict the effects of optical pumping, including
hyperfine and Zeeman, transit relaxation, two-level saturation, etc., on the Doppler-
broadened and Doppler-free absorption features of an alkali vapor system. We also
experimentally validate our models for the Rb Ds-line transitions without any fitting
parameters, and therefore show that they can be readily extended to other atomic

systems. Furthermore, these simpler models require ~ 100x less memory/space



than the full multi-level models that comprise all (minimum 17) magnetic sub-levels

of the Rb Ds-line hyperfine transitions.

Finally, this thesis also thoroughly explores Polarization Spectroscopy (PS), a Doppler-
free spectroscopic technique, for laser frequency stabilization. We provide an exten-
sive experimental investigation of the error signal generated directly via PS for the
Rb Ds-line transitions, including the examination of various external parameters
that affect the PS signal, such as temperature of the vapor cell, beam diameter, and
pump-probe intensities. Our study provides crucial insight into the limitations and
applicability of existing multi-level models that are utilized to analyze and charac-

terize the PS signal.
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Wey e, angular frequency separation between excited states eq, and e
A wavelength
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[ orbital angular momentum in units of 27h

Lsso  2-level saturation intensity

n; atomic population in the i** atomic state
F hyperfine quantum number

mp hyperfine magnetic quantum number
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