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Abstract

Laser technology is now used in various fields including medicine and microfabrication. ~Since
the interaction between light and matter varies with laser frequency, arbitrary frequency
conversion is desired for various applications. Frequency conversion with nonlinear optical
processes usually requires a high optical pump power because second- and third-order nonlinear
coefficients are small. High quality factor (Q) microcavities are attracting attention, because
they allow us to compensate for small nonlinear coefficients and achieve frequency conversion
with low laser power thanks to the strong confinement of light. Recently, a microcavity-based
frequency comb (microcomb) has been generated that requires only a continuous-wave pump
and a high-Q microcavity. This allows us to obtain multiple frequency components. This
dissertation studies on nonlinear optical processes in a silica toroid microcavity for optical
frequency comb generation that is a key technology for precise measurements.

Chapter 1 provides the background and motivation for this work. Frequency comb
technologies and related studies that use high-Q microcavities to enhance third-order
nonlinearities such as four-wave mixing (FWM), stimulated Raman scattering (SRS), and
third-harmonic generation (THG) are surveyed, to clarify the motivation for this study.

Chapter 2 describes the basic theory and fabrication of a silica toroid microcavity. The
experimental setups to measure the nonlinear processes with a fabricated silica toroid
microcavity including FWM, SRS, and THG are described.

Chapter 3 presents a demonstration of a newly proposed method for achieving mode-locking
in a microcomb system. A model based on the Lugiato-Lefever equation is developed to
analyze microcomb generation, and it reveals that the hysteresis behavior of a nonlinear cavity
will be the key to achieving mode-locking. In contrast to previous methods, where the
frequency of the input laser is scanned, it is found numerically and experimentally that
mode-locking could also be achieved by adequately sweeping the input laser power.

Chapter 4 describes a study of the gain competition between FWM and SRS that occurs in a
microcavity. Considering the free-spectral-range (FSR) in addition to an analysis of maximum
gains of FWM and SRS, it is found that we can suppress or enhance the modulation instability
gain by changing the input power and the coupling Q in a large FSR cavity. This will allow us
to control the transition from an FWM dominant state to an SRS dominant state.

Chapter 5 discusses the transverse mode interaction that occurs as a result of SRS in a silica
cavity, which has broad Raman gain. It is found that in such a system the transverse mode
interaction occurs from a low-Q to a high-Q transverse mode family via an SRS process when a
low-Q mode is pumped. As a result, a dual-comb-like spectrum appears. The transverse
mode interaction dependence on the Q value and the spatial overlap between different transverse
mode families are described numerically and experimentally.

Chapter 6 describes a demonstration of visible light emission via THG. It is shown
experimentally that the FWM and SRS in the near infrared region influence the spectrum shape
of the generated visible light.

Chapter 7 is a summary. The knowledge obtained in each chapter is summarized and the
conclusions reached in this dissertation are presented.
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