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Abstract

Angle is one of the fundamental parameters in many sectors, especially in manufacturing, for the quality
controller of items or products. The research on angle sensors is continuously being developed with the increasing
need for real-time, high precision, and high sensitivity measurement. Various studies have been carried out to
improve the performance of angle sensors, including research on conventional angle sensors. However, the angle-
sensing technology is still challenging to meet the need for current trends in technology that lead to the
manufacturing of high-complexity products yet shrinking in dimensions. It requires a suitable angle sensor that is
not limited by the type of material being measured, has minimal potential damage to the material during the
measurement process, and is expected to have minimal maintenance costs. These reasons encourage more intensive
research on new angle measurement methods, especially non-contact angle sensors, as the solution to bridge these
problems.

A second harmonic wave (SHW) angle sensor offers a well-suited measurement configuration system to
satisfy the aforementioned requirements. The second harmonic generation (SHG) is a phenomenon in which the
optical wave source passes through a nonlinear optical material and generates an SHW with frequency-doubled
that depends on the wavelength and the incident angle of the source toward the nonlinear material. The applications
of SHG have been widely reported. However, the use of SHG in angle sensors is a new implementation. Therefore,
this dissertation presents the angular measurement based on SHG and confirms the feasibility of the proposed
angle sensor.

Chapter 1 describes the background and motivations of this research related to the angle sensor development
and the explanation of the challenging problem in angular measurement that cannot be solved by using the
conventional angle sensor.

Chapter 2 presents a proposal for an SHG-based angle sensor where the basic concepts and the implementation
of SHG in angle sensors are introduced. Several requirements must be met to apply the SHG as an angle sensor,
including selecting an adequate laser source, using a nonlinear optical crystal (NLO) with suitable characteristics,
and considering the condition of the crystal phase-matching angle. To implement SHG as an angle sensor, a laser
source with a wide-angle range and sufficient power is required, which tends to be high power. These
characteristics can be obtained using a femtosecond (Fs) laser. Since the angle matching condition occurs at a
certain angle for the specific wavelength indicated by the peak in the observed SHG spectrum, by using Fs laser
as the laser source, the phase-matching conditions can occur at many angular positions of the crystal. If the
matching angle is changed by rotating the NLO crystal, the peak of the SHG spectrum will also change. The
characteristic of the SHG spectral peak shows the measurement trend of the angle sensor, which can be estimated
theoretically. It should be noted that the negative uniaxial NLO crystals are the type of crystal that is employed in
the angle sensor configuration due to the birefringence characteristic. In this chapter, BBO, LilOs, and
MgO:LiNbQs crystals are theoretically evaluated. Calculations show that for a wavelength range from 1480 nm to
1640 nm, BBO, LilOs, and MgO:LiNbO; crystals have an angle dispersion of 0.08° between 19.85° and 19.93°,
1.50° between 20.55° and 22.05°, and 2.87° between 48.50° and 51.37°, respectively. These characteristics are
used in selecting the appropriate NLO crystal for the angle sensor configuration.

Chapter 3 describes the proposal of an intensity-dependent SHG angle sensor. Through the theoretical
calculation, the BBO crystal is suitable for this purpose. The feasibility of the proposed angle sensor is
demonstrated experimentally by focusing the laser beam into the crystal using lens. It has been demonstrated
theoretically and experimentally that a focused Fs laser is effective in realizing SHG-based angle measurement for
an Fs laser source with relatively small output power. The angle detection is carried out by observing the change
in SHG intensity response over the change in angular position of the BBO crystal. The sensitivity observed in the
experiments is lower than the theoretical calculation. Investigations have been carried out based on ray tracing to
clarify the reason for the discrepancy. It has been clarified that chromatic aberration has been present where the



shorter focal length of the focusing lens has made the influence of chromatic aberration stronger, made the effective
crystal length shorter, and resulted in the degradation of the sensitivity.

Chapter 4 describes a proposed method of measuring high-precision angles in wavelength-dependent based
on the SHG. The characteristics of the SHG in a certain wavelength range are associated with the angular shift of
the NLO crystal representing the measurement target. The proposed angle sensor provides absolute angle
measurement by relying on the evolution of the SHG spectral peaks upon changes in the angular position of the
crystal. For this reason, NLO crystals with a wide phase matching dispersion angle are required, and MgO:LiNbO3
is a suitable crystal to meet the need. Theoretical calculations estimate the measurement trend using a wave-plane
approximation scheme. In the experiment, a focused Fs laser was demonstrated using a parabolic mirror to
overcome the problem of chromatic aberration that arises when the lens is used. As a result, a measured range of
~20000 arcseconds and a measurement resolution of 3.03 arcseconds have been achieved. It is also explained that
the difference in refractive index between air and nonlinear optical crystals must be considered because it has been
proven to cause differences between theoretical calculations and experimental results.

Chapter 5 describes the optimization of the wavelength-dependent SHG angle sensor. A new configuration is
proposed using the collimated beam of the Fs laser with a higher power. The angle detection is demonstrated by
identifying the SHG spectrum peaks against the angular position of the rotating stage-mounted MgO:LiNbO3
crystal representing the measurement object. The MgO:LiNbQs is rotated within the phase-matching angle over a
range of 1480 nm to 1640 nm. Angle measurement is also carried out by placing the crystal at different positions
along the laser beam propagation direction to confirm the feasibility of the angle sensor, where the measurement
range, sensitivity, and resolution of the proposed method are also evaluated. The result shows that the proposed
angle sensor can overcome the working distance limitation of conventional angle sensors and has no specific
material target requirement. Since the configuration of the proposed angle sensor is not limited by the specification
of the measurement target, it is expected to have wide potential applications, especially in the manufacturing
process and inspection process.

Chapter 6 contains the conclusions of the research and shows the publication reports achieved within the
research.

Keywords: angular measurement, second harmonic generation (SHG), phase-matching, birefringent, femtosecond
laser (Fs laser), intensity-dependent angular measurement, wavelength-dependent angular measurement, BBO,
MgO:LiNbOs.
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Chapter 1

Introduction

1.1 Background

1.1.1 Angle sensors in general

The angle is one of the fundamental parameters that determine the geometry of an
object [1]. Angle measurement is thus very important for manufacturing and
construction development [2] because it is a critical piece of equipment in the industry,
especially for design, assembly, and quality control. In general, angle sensing
technology is classified considering the method, field of application target, and sensor
performance that accommodate the purpose of the measurement to the specific target.
The angle sensors can also be classified into contact and contactless types according to
the measurement principle and purpose [3]. Recently, the demand for angle sensors is
increasing to fit the requirement of real-time, high precision, high sensitivity
measurement, large range of angle, and high measurement resolution [4-6]. It is also

important to have certain advantages of angle sensors, such as being easy to use and

1



having a minimum maintenance cost [7,8]. By this consideration, contactless angle
measurement is a suitable method for implementing such an application.

Talking about contactless angle sensors, there are numerous methods in which an
angle displacement can be measured, such as capacitive angle sensors [9-11], inductive
angle sensors [12,13], Hall effect-based and magneto-resistance (MR) angle sensors
[14,15], and optical angle sensor [16-18]. A capacitive angle sensor converts a change
in angular displacement of the dielectric material into an electrical signal, whereas the
contactless capacitive absolute angular-position sensor has a full-circle range of 360°.
Most reported capacitive angular sensors employ disk-shaped electrodes, which are
mounted parallelly on the shaft, as seen in Figure 1.1. This type of geometry can be
used in applications where the available lateral space is limited, for example, the
steering wheel sensor. However, this type of angle sensor has a major issue associated
with its low performance in adverse environmental conditions, such as moisture, dust,
oil, misalignments, and mechanical vibrations. Moreover, this type of angle sensor is

unsuitable for measuring a very small shift of angular position [19].

Receiving Fixed Segmented Rotating Screen  Fixed Common y Electrode
o Slectrode electrode clectrode lectrod Rotor. Induction electrodes Support Structures
e \
] )
~ H
AT i "= Rotor — s Ef y
B \ FEE RN
/ ‘ ing I . X
< Segmented Guarding’ i 3.k DA
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Figure 1.1 Capacitance based angle sensors. (a) a three-electrode capacitive angle sensor [20].
(b) modified configuration with a segmented electrode is composed of 24 outer segment and
3 inner segments [21]. (c) time-grating based angle sensor [22]. (d) structural model of a
cylindrical capacitive sensor suitable for the combined measurement of angular and linear
displacement [23].

The inductive angle sensor uses an inductor to generate a high-frequency magnetic
field. When the measured metal object is placed near the inductor, the object induces

a current, which reduces the amplitude of the original magnetic field. Therefore, the

2



inductive sensor can determine the displacement of the object being measured. Figure
1.2 shows several inductive angle sensors based on the reported magnetic fields.
However, this type of sensor has limitations because most of the existing magnetic
resistance-based angle sensors require permanent magnets in rotating parts, require

large power requirements, and are sensitive to external disturbances.
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Figure 1.2 Inductive angle sensors. (a)-(d) represent popular inductive and eddy current
sensors and (e)-(g) show magnetic resistance and Hall effect-based angle sensors. (a) the
permanent magnet resolver [24]. (b) planar coil based absolute magnetic rotary sensor [25]. (c)
eddy current sensor for small angle measurement [26]. (d) Planar coil-based eddy current
sensor [27]. (e) angle sensor based on four hall elements [28]. (f) basic structure of a typical
magnetic resistor-based angle sensor. (g) time-grating magnetic encoder [29].

Another type of noncontact angle sensor is the optical-based angle sensor that
works with the principle of measuring the physical quantity of light and translating it
into the readable form of the instrument. Compared with inductive and magnetic
resistance-based angle sensors, optical sensors are highly immune to magnetic
interferences and are well accepted owing to their ability to measure angular position
in a noncontact way with high accuracy and excellent resolution. As a comparison,
Figure 1.3 shows the resolution of several angle measurement methods. The optical
angle sensor can achieve a resolution of ~(10-5)°, making this angle measurement

method suitable for measuring a very small angular displacement.



Resolution (Deg.)
3 3

—_
S,
L3

Angle Sensing Technologies

Figure 1.3 The resolution comparison of several angle measurement method [19].

In recent years, precision small-angle measurement based on optically principle
has been extensively used in different fields, such as the semiconductor industry,
precision machinery industry, surface profile, measuring instrument calibration, and
precision motion monitoring [30]. Several optical angle sensors are widely employed
for angular displacement detection because they provide high measurement
sensitivity, high resolution, and high accuracy. The angle measurement methods and
techniques based on optical principles can be divided into autocollimation and
interference methods. The measurement technique in each optical angle sensor has
developed with its own merits. For example, the commercial autocollimator can be
applied to dynamic or static small-angle detection, precision alignment, verification of
angle standards, and various other processes. The autocollimator employs a planar
mirror as angle-sensitive that is mounted on a moving stage and uses light reflection
as the basic principle. During the measurement, a collimated light beam from the
autocollimator is projected onto the planar mirror. The reflected light beam from the
mirror is received by the autocollimator unit composed of a collimator objective and a
two-directional light position-sensing detector. The conventional autocollimator can
detect the pitch and yaw angle by detecting the X- and Y-directional linear
displacements of the light spot on the detector. Figure 1.4 shows the schematic of the
pitch and yaw (XY-direction) angle measurement system in an autocollimator where

4



the pitch and yaw of the mirror (SCM) are denoted as a and (. If there is a change in
the pitch and yaw position of the mirror, the pitch and yaw angle of the mirror can be

expressed as

sin ZazATxl (1.1)
sin 2ﬂ=% (12)

Where f is the focal length of lens 1 in the figure, and Ax: and Ay: are the light spot
deviation on the position sensing detection 1 (PSD1) along with the horizontal and

vertical directions, respectively.
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Figure 1.4 The schematic of pitch and yaw angle measurement in autocollimator system [30].

The reflected beam from the plane mirror in the traditional autocollimator does
not respond to the roll angle (Z-direction). Numerous reports have proposed a new
design of autocollimator in order to detect three-axial angular displacement [31,32].
Figure 1.5 shows the schematic of the three-axis autocollimator system that has been

reported in [30].
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Figure 1.5 The schematic of three-axis autocollimator system [30].

According to various effects, the angular displacement sensing systems have been
reported, including the total internal reflection, surface plasmon resonance, two-beam
interference, multi-beam interference, and birefringence effects. These sensing systems
can convert the angular displacement information into the optical phase variation,
which can be detected using the optical interferometer. The high sensitivity of the
angular sensing system integrated with the interferometer can offer a high
measurement resolution for the angular displacement.

The birefringence effect is a new preference effect to be used as the angle sensor.
The variation of the phase difference between the two orthogonal polarization states
of the light beam is a function of the birefringence, propagation distance, and direction
of the light beam in the birefringent crystal. Therefore, suitable crystal thickness and
birefringence can be selected to build an angular sensing system with a large
measurement range and high sensitivity. According to the birefringence effect, an
angular displacement sensor with high sensitivity and a large measurement range was
developed in ref. [6]. The sensor consisted of two prisms and a calcite plate, and it was
designed as a sandwich, as shown schematically in Figure 1.6. The heterodyne
interferometry was used to detect the phase variation resulting from the angle sensor.
The angular displacement could be determined according to the birefringence

characteristics of the sensor and the measured phase variation. Based on the



experimental results, the system retained a maximum measurement range. The
experimental results demonstrate that our proposed method can be used to measure
long-range angular displacement with high resolution while maintaining high system
stability. Furthermore, these results show that the measurement resolution and speed

can reach 2° x 10-4 and 2°/s, respectively.

(a)

LIA (DAQ+PC) D, Polarizer =

(b)

Figure 1.6 (a) Schematic diagram of the angular sensor; (b) Relationship between the phase
difference and incident angle (0) with different refractive indices (np) of the equilateral triangle
prism [6].

1.1.2 Second harmonic generation in general measurement

applications

Second-harmonic generation (SHG) is a phenomenon of the nonlinear optic from
a fundamental laser beam discovered by Franken et al. in 1961 [33]. They found light
at doubled frequency was generated from the interaction of a strong laser beam with
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the nonlinear medium (quartz crystal). This optical phenomenon has been used for
various applications. First, it can be used to characterize short and ultrashort pulsed
lasers. Dantzig et al. proposed an organic salt dimethylamino-4-N-methylstilbazolium
tosylate (DAST) to generate the second harmonic of pulses in the far-infrared region
(30-55 um) in order to characterize ultrashort in a spectral region where no other
materials are available [34]. Panda et al. showed that SHG in ZnO nanorods could be
used to characterize ultrashort pulse, as its schematic diagram is shown in Figure 1.7
[35]. The experimental result showed that the measured pulse width closely matches
with theoretically predicted pulse width. Therefore, the reported characterization
system is cost-effective and can be used to characterize fs laser of the broad wavelength
range. Li yanyan et al. demonstrated that ultrashort mid-infrared laser pulse could be
accurately characterized using a second harmonic generation frequency-resolved
optical gating apparatus [36]. The result showed that a mid-infrared pulse at 3580 nm
was measured with a good agreement between the retrieved and measured spectrum.
This provided a reliable tool for developing the potential applications of these long-

wavelength laser sources.

Fs-laser

Zn0O BG-39

Figure 1.7 Schematics of the experimental setup used for pulse characterization of fs pulses
using SHG of ZnO nanorods proposed by Panda et al [35].

Another application of SHG is for surface characterization. Ionica et al. proposed

a technique to characterize dielectric semiconductor interfaces wused in
8



microelectronics and photovoltaics using SHG, as shown in Figure 1.8 [37]. The result
shows that this technique is nondestructive and well adapted for thin-film testing. Also,
it was perfectly accommodated to study charging and discharging dynamics in
dielectric/silicon stacks. Liipke demonstrated second harmonic generation to
characterize semiconductor interfaces [38]. Specifically, Si/SiO2 interfaces have been
studied to understand the sensitivity of SHG to interface defects, steps, strain,
roughness, electric fields, carrier dynamics, and chemical modifications. Vanbel et al.
presented SHG as a characterization tool for Ge/high-k dielectric interfaces [39],
whereas Nakamura et al. introduced in-situ surface and interface characteristics by

optical SHG of silicon dioxide fabrication with high purity ozone [40].
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Figure 1.8 Schematic of the experimental configuration for SHG measurement, with the key
parameters reported by Ionica et al [37].

The second Hamonic Generation also can be used in image sensing techniques
called SHG microscopy (shown in Figure 1.9), which is a powerful tool for imaging
fibrillar collagen in a diverse range of tissues [41]. Biological SHG imaging was first
reported in 1986 when Freund investigated the polarity of collagen fibers in rat-tail
tendons at a resolution of ~50 um [42]. In 2002, Mohler and Campagnola reported
practical implementation of tissue imaging at high resolution and rapid data
acquisition using laser scanning. Since then, SHG microscopy has been an increasingly

used imaging tool [43]. Schmeltz et al. employed SHG to sense fibrillar collagen
9



architecture in connective tissues [44]. They successfully depicted an image in human
cornea sections and confirmed that this technique efficiently reveals collagen fibrils
oriented out of the focal plane. Kato demonstrated an SHG microscope could be used
as a real-time bioimaging observation on how toxins induce damage to the cell

membranes or how the cells reconstruct the damaged membranes [45].
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Figure 1.9. General optical scheme of a second harmonic microscope setup [41].

1.2 Motivation and objectives

Many kinds of methods with high-precision angle measurement have been
presented and commercially produced; however, the research in optimizing the angle
sensor is still a challenging and sustained research core to meet the need for the current
trend of technology that leads to the manufacturing of high complexity products, yet
shrinking in dimensions. It requires a suitable angle sensor that is not limited by the
type of material being measured, has minimal potential damage to the material during
the measurement process, and is expected to have minimal maintenance costs.
However, several issues have been found in using conventional angle sensors. An
inductive angle positioning sensor, for example, has limitations for detecting the metal
target only. Meanwhile, the autocollimator is time-consuming as it is hardly

positioned and requires regular maintenance. The rotational magnetic encoder
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commonly contains fine parts that are sensitive to contamination. These reasons
encourage more intensive research on new angle measurement methods, especially
non-contact angle sensors, as the solution to bridge these problems.
Based on the explanation above, this study aims to propose a novel angle
measurement based on second harmonic generation with high precision and
resolution that can detect very small angular displacement. As mentioned in the
previous section, the SHG is commonly implemented in imaging technology. Even
though the generating second harmonic wave (SHW) is closely related to the angle due
to the phase-matching angle characteristic to achieve high efficiency of SHG, the
implementation of SHG as the angle sensor has not been reported. The SHG-based-
angle sensor offers a contactless angle sensor that works with Fs laser as the laser
source. Unlike a monochromatic laser, an Fs laser provides a wide range of
wavelengths with high output power. The Fs laser characteristic and the nonlinear
characteristic in material (NLO crystal is used in this study) can realize the high
precision angle measurement.
In order to achieve the aim of the research, this study focuses on the following

specific objectives:

1 To design a high precision angle measurement method by implementing the SHG
phenomenon and Fs laser.

2 To confirm the feasibility of the proposed angle sensor theoretically and
experimentally.

3 To evaluate the performance of the proposed angle sensor.

1.3 Outlines of this dissertation

The overall structure of the thesis takes the form of six chapters, including this
introductory chapter.
Chapter 2 presents the theoretical concepts related to SHG and their implementation
in angle sensors. Important aspects of SHG-based angle sensors such as phase-

matching conditions, NLO crystal characteristics, and light source characteristics will
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also be discussed.

Chapter 3 presents a proposed design of an intensity-dependent SHG-based angle
sensor with a focused beam of Fs used as the laser source. The theoretical calculations
of the focused beam scheme are presented, and experiments to clarify the feasibility of
the proposed angle sensor will be discussed. The ray-tracing method is also presented
to track and confirm the chromatic aberration.

Chapter 4 presents the proposed SHG-based angle sensor with wavelength-dependent.
Different configurations will be introduced to solve the chromatic aberration problem
in the previous method. Theoretical calculations will be discussed to estimate the
measurement trend of the proposed method. The feasibility of the proposed angle
sensor is confirmed experimentally, where the results will be discussed further.
Chapter 5 presents the optimization of the wavelength-dependent SHG angle sensor
to extend the working distance and overcome the problem of misalignment in the
direction of laser propagation using a collimated Fs laser. Experiments were carried
out at several crystal positions along the Z-axis. Theoretical calculations and
experimental results regarding the performance and feasibility of the method will be
discussed further.

Chapter 6 presents the summary and the conclusion of every chapter in this study.
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Chapter 2
Proposal of the second harmonic generation angle

sensor and theoretical analysis

2.1 Introduction

This chapter will explain the proposal of an angle sensor utilizing the second
harmonic generation (SHG) phenomenon in the nonlinear optical (NLO) crystal as the
fundamental principle in detecting angular displacement. As briefly mentioned in the
previous chapter, SHG is a nonlinear optical phenomenon in which the fundamental
wave (FW) at a specific frequency passes through the NLO crystal. The second
harmonic wave (SHW) at frequency-doubled is generated. However, the generation of
SHG in the NLO crystal can only occur in a specific condition. In particular, the
selection of the laser source, the characteristics of the NLO crystal, and the angular
position of the NLO crystal play an essential role in generating the SHG, which is then
applied to the proposed angle sensor. By considering the appropriate parameter, the
measurement trend of the proposed angle sensor can be estimated. The detailed
principle and parameter of the SHG angle sensor and the theoretical analysis will be

described further.
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2.2 Basic equations of second harmonic generation

The process of SHG involves the interaction of two waves at frequency w to
produce a wave with the frequency 2w inside nonlinear optic material, such as
nonlinear optical (NLO) crystal. Material properties can generally be classified based
on crystallography as isotropic and anisotropic material. Isotropic refers to material
that is direction-independent or has the same properties in all directions; meanwhile,
anisotropic is direction-dependent material that shows different properties in different
directions. Anisotropic crystals can be further classified into uniaxial and biaxial
crystals based on the number of the optic axis where the uniaxial crystals have one
optic axis, and biaxial crystals have two optic axes. The optic axis of the crystal is a
direction in which a ray of transmitted light suffers no birefringence. Birefringence is
an optical property of the crystal with a refractive index that depends on the
polarization and direction of light propagation.

In this study, the proposed angle sensor works based on SHG generated by
traveling the light source into uniaxial crystals. The basic equation of SHG and the
characteristic of the uniaxial crystal will be explained further in this section.

The analysis of SHG follows from the differential equations that describe the
interaction between the fundamental and harmonic fields, and it is appropriate to
describe the development of these coupled equations. Let's start with the general wave
equation obtained from Maxwell's equation below [1-4]

OE(r,t) O%E(r,t) o%P(r,t)

V2E(r-t)_/uoo-—_:Uo‘c"o ot2 = Hy ot?

o (2.1)

where P is the polarization, E is the magnetic field vector, o is the permeability of the
free space, o is conductivity, r is vector position, t is time, €0 is vacuum permittivity in
which the relation of (eop0)'2is equal to the speed of light in vacuum c. The electric
field of the planewave at angular frequency w is expressed in complex notation as the
product of slowly varying complex amplitude and carrier wave with the formulation
is shown in the following equation.
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The intensity of the planewave is formulated as follows

nce 2
| = °|E
” [ > jl o (2.3)

Here n is the refractive index of the material in which E is satisfied. The nonlinear

polarization resulting from the second-order susceptibility driven by the plane wave

Eo(r,t) is expressed as
Py (1,t) = %{Pﬁj expi(2k, - r—2wt)+ c.c.}, (2.4)

The individual components of the polarization amplitude vector are formulated below
P;j;i = 80§dijk (—2(0; ; a)) Ew,j Ew,k ) (2.5)

A number of simplifications are used to arrive at the coupled equations for harmonic
generation with monochromatic plane waves. All waves are assumed to be
propagating collinearly in the z direction. Only the vector components involved in the
interaction are retained, and the nonlinear optical tensor is replaced by the scalar
effective nonlinear coefficient dest. Finally, the slowly varying envelope approximation
is invoked and the higher-order derivatives of the amplitudes are ignored, as are time

derivatives of the envelopes. The wave equation can be simplified as follows

dE(Z) - HoCw
. +ozE(z)—|—2n P(z) (2.6)

The optical absorption coefficient o later be used to express pooc/2.
In the case of type-I SHG, the fundamental field consist of only a single eigen

polarization, and there are two coupled equations as follows.
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Here 120 and no denote the refractive index at the harmonic and the refractive index at
the fundamental, respectively; a2o and aw are respective absorption coefficients. The

wave vector mismatch Ak is formulated as follows
Ak =k, —2Kk_, (2.9)

where k is corresponding to the wave frequency w in the crystal with the following

relation

Zﬂnw 20
ka),2a) = ’ , (210)

0,20

The solution of the coupled Equation (2.7) and (2.8) can be expressed by treating Ew(z)
as constant with no significant absorption. The initial condition is set as I.(0) when the
light incident on the crystals and SHG intensity in crystal surface 2«(0) is equal to 0.
Then the following equation is the expression for electric field after propagation for a
distance L in the crystal.

_ 0dyE]

eE—WC(O)i{expi(kZQ,L)—exF’i(kal-)}, @11

B, (L)

If the solution is expressed as the intensity, it can be formulated as shown in Equation

(2.12) below.

2w°d2 L2
-2 zeﬁs Ij}(o)
n,, N2c’e,

20" o

sin® (AkL/2)
(AkL/2)"

12, (L)

(2.12)
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The expression of SHG intensity at Equation (2,12) in the term of wavelength is given

by the following equation
2 L sin” (AkL/2
87°d % 12(0) (AkL/2)

I, (L)=
Zw( ) 2(0 a)C‘E‘O/12 ¢ (AkL/Z)Z

(2.13)

In the term of power, the SHG power can be determined by the following equation

27°d% > p.(0)sin®(AkL/2)
nZw a)cgo/l2 A (AkL/Z)Z

P, (L) = (2.14)
where A is the cross-sectional area of the laser beam, poand p2» denote the fundamental
power and SHG power, respectively. From ration of the SHG power and fundamental

power, the efficiency of the SHG 1(L) can be determined as follows

P (L)

P, (0) -

n(L)= (2.15)

As mentioned before, the uniaxial crystal has a special direction called the optic
axis. If there is a light passing through the crystal, the light containing the optical axis
(c-axis) and the wavevector k of the light is in a plane termed as the principal plane as
shown in Figure 2.1. In the condition when the light is polarized normal to the
principal plane it is called an ordinary ray (o-ray) in which the refractive index does
not depend on the propagation direction. Meanwhile, if the light is polarized in the
principal plane, it is called an extraordinary ray (e-ray) whereas it depends on the
propagation direction. The o-ray always suffers the refractive index n. that depends
on wavelength A, meanwhile e-ray will always experience the refractive index n. that
depends on A and angle 0. This kind of condition in which an incident ray of light
splits into two rays is called the birefringence phenomenon. With adequate
birefringence, it may be possible to obtain phase matching Ak = 0 by selecting the

direction of propagation in the NLO crystal.
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Figure 2.1 Illustration of the light propagation in the crystal.

In the use of uniaxial crystal with type-I phase matching, Figure 2.2a shows the
refractive index in two-dimensional projection. The phase-matching condition is
shown in Figures 2.2b and 2.2d, in which the constructive interference of SHW is
satisfied. On the other hand, Figure 2.2c and 2.2e shows the case of phase mismatching
condition where the interference of SHW is destructive to each other. As shown in
figure 2.2b, to have phase matching, it is necessary to choose a direction of propagation

that makes an angle 6 with the optic axis that satisfies the Equation (2.16).
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Figure 2.2 (a) Two-dimensional perspective of the refractive indices surface for type-I negative
uniaxial crystal; (b) phase mismatching condition; (¢) phase matching condition; (d) the
change on refractive indices surface followed by the change of phase matching angle; (e) the
change of refractive indices surface with the same phase matching angle at a certain range of
wavelengths. [5]

N, (0,4,)="1,(4,). (2.16)

where 10(Aw) denotes the ordinary index for fundamental wave (FW) propagation A«,
meanwhile 7¢(0,A2.) denotes the extraordinary index for SHG wavelength propagation
A2 at an angle of O to the optical axis that given by [6, 7]

1 cos? 0 sin? @

(0 4,) W (h) W (A) *17)

cosé sin@
S| vvs] B P e 1N 0
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The phase-matching angle is obtained by the identity cos?0 = 1 — sin’0 and phase-

matching angle can be formulated as

gm — Sinfl \/ no__2 (ﬂ’w)_ ﬂo_2 (j‘Za))

(2.19)

From Figure 2-2, it is known that n1¢(120) is equal to extraordinary index for propagation
at 90° to the optic axis 1.(90% Aw). Later let it mentioned as Ne(A2w).

As previously mentioned, the nonlinear optical tensor in the solution of the
coupled-wave equations is replaced by scalar effective nonlinear det. This parameter
depends on the polarization of the field, type of phase matching, propagation direction,
the crystallographic point group of the crystal, and the presence of absorption. For the
crystal of point group 3m with negative birefringence, such as beta barium borate (BBO)
and lithium niobate (LiNbOs), the effective nonlinear coefficient for type-I phase

matching is given by
d., =d,, cos® @cos3¢, (2.20)

where d= are tensors components that have respective value for NLO. From the
equation, it is noticed that the propagation of the light is related to two crystallographic
angles, 0 and ¢, 0 is the angle between optical axis and the direction of vector k and
this angle is strictly determined by the phase-matching condition, as it has discussed
before. On the other hand, ¢ is the azimuthal angle that related to the crystal
orientation and does not influence phase matching for the case of a uniaxial crystal [8].

By using the requirement in Equation (2.16), the Equation (2.9) to express the phase
mismatching can be formulated in Equation (2.21) to predict the SHG power in

Equation (2.14).

ak="El n,(4,)-n,(60.4,)] (2.21)
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For generating the efficient SHG, there are features that must mainly be fulfilled.
First, the fundamental wave intensity must be sufficiently high over a certain
propagation length because for small conversion efficiencies at least SHG is
proportional to 2. This condition can be achieved by using a high-power laser source.
Second, the nonlinear medium must have a high second-order nonlinear coefficient,
therefore a careful choice of the NLO crystal is necessary. Lastly, the light beams
involved need to preserve their phase relation over the propagation length. This
condition requires additional measures since dispersion generally leads to a phase
mismatching between the FW and SHW. The phase mismatching leads to destructive
interference of second harmonic wave generated at the very beginning of the NLO
crystal with that generated further inside the NLO. Thereby, it is limiting the
maaximum output power. However, this problem can be overcome in the

birefringence crystal by choosing a particular orientation [9].

2.3 Gaussian beam characteristic

In this study, a mode-locked femtosecond laser is used as the laser source to
generate the second harmonic wave. The output of a mode-locked femtosecond laser
is highly collimated where light propagates in a straight line on a homogeneous
medium but the laser beam diverges during propagation due to diffraction effects. On
the other hand, the beam from a laser typically has a Gaussian intensity profile in the
transverse plane with respect to propagation wherein the laser beam will behave along
the direction of propagation (z-axis) almost like a plane wave but instead of having a
constant amplitude, as for a plane wave, the amplitude slowly varies over the direction
of propagation along the z-axis [10].

As shown in the Figure 2.3, the beam is initially collimated and converges until
they reach a minimum point inside the Gaussian beam envelope instead of a single
point and then begins to slowly diverge. Let wo be the beam radius at its beam waist
point and the coordinate position of the beam waist point is z = 0, then the maximum

intensity lo occurs on-axis at zo. The intensity I of the Gaussian beam can be expressed
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in Equation (2.22) [11-13].

I(r,z)=1,| =] e" (2.22)

\w(2)

The beam radius at distance z, from the waist is shown below

2] )%

w(z)=w,| 1+| = (2.23)
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Figure 2.3 The illustration of focused Gaussian beam

Imagine that the laser beam is focused using converging lens or an off-axis

parabolic mirror, to intensify the beam in the focal point area inside the nonlinear
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optical crystal, the shape of the beam as it propagates along the z-axis can be illustrated
in Figure 2.4. If focal distance of converging lens or off-axis parabolic mirror is f, the
diameter of the incident collimated beam in the lens or parabolic mirror is d, and the
wavelength of the incident beam is A, then the focused beam diameter in term of input

beam and focusing lens or parabolic mirror parameter is expressed as follows [14]

_4f,
" ad

2w

(2.24)

The depth of focus (or confocal parameter), known as Rayleigh length is expressed

as shown in Equation (2.25) in which n denotes the refractive index.

(2.25)

By substituting Equation (2.24) to Equation (2.25), the Rayleigh length in the term of

optical parameter is shown below.

B 8f2/10n

b
xd*

(2.26)
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Figure 2.4 The focused laser beam in the nonlinear optical crystal
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As shown in the Figure 2.4, the second harmonic wave is generated by focusing
the Gaussian beam to the NLO crystal. When the focused beams are used, there are
two opposite processes, first, the laser power density in the crystal increase due to
focusing of the laser radiation into the NLO crystal as well as the vector phase
matching should be taken into account. This condition leads to the increasing of SHG
efficiency. Seconds, the influence of laser divergence and crystal birefringence also
increase, hence the phase mismatch appear that leads to the decrease of SHG efficiency.
In all practically important cases, the fixed-field approximation or the plane wave
approximation can be used for the Gaussian beams. Hence, the following expression

for the output of SHG power can be deduced
Pz, (L) =CkLp; (O)h(v, ., 1) (2.27)

where h(v,a,&, 1) is the aperture function that given by

h(v,a, & p)=

2] o

(~4s)|H (v @&, p) " ds. (2.28)

H(v',a,g,u)zi é(fu) exp(iv'T)

——dT (2.29)
27w -fa-n)  1+1T '

where

2
V= ko Ak (2.30)
2
v'=v+4as, (2.31)
a=2 KW, (2.32)
2 7
g=- (2.33)
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7o2@-f) (2.34)

(2.35)

7 442
_ 2'midy

n,,N2cA>

20" '

C (2.36)

Here, & is the ratio of nonlinear crystal length L to the focal length or the parameter of
focusing, u is the relative position of focus inside the crystal, zo is the coordinate of the
minimum beam radius, s is the variable of integration, and p is walk-off angle that can

be determined by the following equation.

2
o = arctan [n_()] tang| -0 (2.37)
n

e

There are two extreme cases when the angle matching 6m equal to 90°, p =0, a =0,
and the focused beam is in the center of the crystal, u = 0, that can be obtained in the simple
analytical expression. First, the condition of weak focusing, £>>1, the aperture function

has the following condition

h(v,0,&,0) = &sinc? (AkL/2) | (2.38)

Thus, the efficiency of SHG is given by

C Paw(L) , sinc? (AkL/2)
- 0. (0) =Cp, (0)L —Wj

7(L) (2.39)

The above SHG efficiency expression in this case is the same as for the SHG condition
by the Gaussian beam phase mismatching in the plane wave fixed-field approximation.
Another extreme case is the strong beam focusing in which £<< 1, the aperture function

for Ak <0 is given by
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h(v,0,£,0) =& |[zexp(v)+Si(-AKL/2) - z/2| (2.40)
And for Ak > 0, the aperture function is given by
h(v,0,£,0)=&|si(AkL/2)-7/2] (2.41)

where Si(AkL/2) is the integration of sinc function.

2.4 Femtosecond laser source for angle sensor

In this section, fundamentals of the Fs laser, especially the mechanism of laser

generation and other specification, is going to be introduced. The laser pulse has the

order of femtosecond that generated by the excited active laser medium in the laser

cavity, making the light of many frequency modes satisfying the Equation (2.42) and

oscillates between reflectors in the cavity by stimulated emission [11].
ic

2hn

Here, & is the distance between the reflectors in the cavity, c is the speed of light in a
vacuum, 7 is the refractive index of the medium in the laser cavity, i is an integer, and
viis the frequency mode corresponding to i. Through this mechanism, the continuous
wave (CW) laser extracts the light. Meanwhile, an Fs laser is generated by matching
the phase relation of many frequency modes oscillated in a CW laser as shown in
Figure 2.5. The phase-matching relationship between the oscillation modes is called

mode locking.
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Figure 2.5 Conceptual diagram of mode locking femtosecond laser.

An Fs laser generated by mode-locking has electric field amplitude in the time
domain as shown in Figure 2.6. The carrier is the actual electric field amplitude, and
the pulse contour is called the envelope. The duration of the pulse is called the pulse
width. The wider the frequency width of the laser, the smaller the pulse width, and

generally the order of pulse is picosecond or femtosecond values.

A Pulse width

Carrier wave
\, I’
I‘ Trep

Figure 2.6 Schematic of femtosecond laser.

Mode locking can be roughly divided into active mode locking and passive mode
locking [15]. Active mode locking is a method in which an amplitude modulator is
placed in a resonator, correlation is forcibly formed in each longitudinal mode by the

modulator, and a pulse is output. In this method, the optical frequency interval
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(repetition frequency which is described later) is limited by the operating speed of the
modulator, and the pulse width remains on the order of picoseconds. In addition, the
polarization state changes due to environmental changes such as temperature and
humidity, and it is difficult to obtain long-term output without stabilization control.
On the other hand, the femtosecond pulse laser used in this study is generated by
passive mode locking. Passive mode-locking is a method of generating a pulse by
arranging an element whose transmittance changes depending on the light intensity
in a resonator and allowing components with high peak intensity to survive naturally.
In passive mode locking, a pulse width on the order of femtoseconds is feasible. The
elements to be arranged include fiber type nonlinear elements, saturable absorbers,
and their composites. Here, as an example, a method using a nonlinear optical element
called a saturable absorber will be described [16,17]. A saturable absorber is a
substance that acts as an absorber for incident light with low intensity and acts as a
transparent body for incident light with high intensity.

Figure 2.7 shows a schematic diagram of ultrashort pulse generation by a saturable
absorber. Without a saturable absorber, light with multiple phases exists for each
frequency mode in the resonator. If the saturable absorber is placed in the resonator,
the light whose phase is shifted is absorbed by the saturable absorber because the light
intensity of each frequency mode is low. It passes through the saturable absorber as a
high intensity ultrashort pulse. As a result, only the light with the same phase of each
mode remains in the resonator and is emitted to the outside as an ultrashort pulse
through the translucent mirror. The mode-locking method of the light source used in
this study is a method based on nonlinear polarization rotation using a fiber, and a
passive mode-locking method applying the nonlinear phenomenon that polarization

changes according to the intensity.
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Figure 2.7 Mechanism of mode locking by a saturable absorber.

As mentioned above, the Fs pulse laser is composed of light groups of equal
intervals. Hence, in the frequency order, a comb-like optical spectrum called an optical
frequency comb is obtained. Figure 2.8 shows the femtosecond pulse laser in the
frequency domain. Here, the comb of each frequency is called a mode, and the i-th

mode frequency vi is represented by the following Equation [18].

Vi= inep + VCcEO (243)

Where viep is called the repetition frequency and vceo, the carrier envelope offset
frequency. As shown in Figure 2.8, the repetition frequency represents the interval
between each comb, and is equal to the reciprocal of the repetition period Trp of the
pulse train in the time domain. The offset frequency is the surplus frequency when the
mode interval is extrapolated at a constant repetition frequency. This offset frequency
is caused by the phase of the optical pulse, that is, the shift of the carrier with respect
to the envelope. By stabilizing the repetition frequency and offset frequency, the
absolute frequencies of all modes are stabilized, and an optical frequency comb with
accurate frequencies can be obtained. The repetition frequency and offset frequency
can be controlled and stabilized by synchronizing with an external frequency standard.
By guaranteeing the low frequency repetition frequency and offset frequency
(generally on the order of MHz) with an external standard having uncertainty of the

order of 107>-10"" the uncertainty of the frequency of each mode (generally on the
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order of THz) is ensured. It enables to enlarge larger uncertainty of the frequency of
each mode than that of the external standard. Generally, a rubidium standard or a
cesium atomic clock is used as the external standard. In other words, by stabilizing the
repetition frequency and offset frequency, the femtosecond laser becomes an optical
frequency comb in the frequency spectrum band. This optical frequency comb is used

in optical clocks [19] and so on because of its mode frequency accuracy.
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Figure 2.8 Schematic of the optical frequency comb.

However, most of conventional angle measurement methods utilize a single-
frequency laser as a light source. There are some problems when a femtosecond laser
with a broad frequency band is simply applied to the conventional principle. For
example, in the case of the laser autocollimation method, it is necessary to form a small
light spot on the detector using a condensing lens, but if femtosecond laser is used, the
light spot is enlarged due to chromatic aberration, as shown in Figure 2.9, which causes
decrease of sensitivity. In addition, in the critical angle method, as shown in Figure 2-
6, there is an optical frequency where the amount of change in the reflectance with
respect to the change in the incident angle is small, so the sensitivity may be reduced
as a whole. In addition, in the method using interference fringes, interference fringes
generated by a plurality of light beams of different frequency modes having different
intervals are overlapped with each other as shown in Figure 2.11. In the same principle
as the white light interferometer, the problem that interference fringes occur only
when the optical path difference between the two beams is equal occurs. From the
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above, it is necessary to develop a new angle measurement principle to which

femtosecond lasers with characteristics different from monochromatic lasers can be

applied.
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Figure 2.9 Schematic of chromatic aberration in the autocollimator.
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Figure 2.11 Interference fringes by a femtosecond laser.
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2.5 Angle measurement principle based on SHG with

femtosecond laser

The conventional angle measurement method that utilizes the laser in the
configuration uses the laser with a radiation width of less than 0.1 nm. Such an emitted
laser is included as the monochromatic laser due to its narrow radiation width. If the
monochromatic laser irradiates toward the NLO crystal to generate the second
harmonic wave, the phase-matching occurs at one specific angle and the dynamics of
the SHG wave as the output can be done by varying the input power only.
Femtosecond laser, as it is mentioned in the previous section, has a wide range of angle
and high output power that makes it possible to be employed as laser source.
Especially, since the output power of second harmonic wave correlates with an angle
in between the wave vectors and the optical axis of the crystal, it is expected to be
employed for angle measurement.

Figure 2.12 shows the illustration of the setup and the expected SHG spectrum in
the use of monochromatic wavelength (see Figure 2.12a) and Fs wavelength that
contains many wavelengths as it is emitted (see Figure 2.12.b). Let the monochromatic
be used for the measurement system, the angular position of the NLO crystal can only
detect by the change of SHG intensity, in which the highest intensity indicates the
phase-matching angle of the given monochromatic wavelength. On the other hands,
by using the wide range of angle, the angular position displacement of the crystal that
represents the measurement target can be detected by the series of the spectrum. Each
spectrum has a peak indicating that the angular position of the NLO crystal is the
phase-matching angle of a specific wavelength within the wide range of wavelengths,
and at the same time, the other wavelength will suffer phase-mismatching indicated
by the lesser power of around the peak as can be seen in the spectra illustration in
Figure 2.12b. If the NLO crystal rotates between the phase match angles of a given
wavelength range, the spectrum will change and the SHG power peak shifted due to
the change in the phase matching angle.

The implementation of the SHG-based angle measurement principle in the angle
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sensor results in measurements that can be displayed in intensity dependent and
wavelength dependent, regarding the configuration of the angle sensor. The feasibility
of implementing SHG on angle sensors in both intensity-dependent and wavelength-

dependent will be discussed in subsequent chapters.
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Figure 2.12 (a) Relationship between incident angle and intensity of second harmonic wave by
monochromatic laser; (b) Relationship between incident angle and intensity of second
harmonic wave by femtosecond laser.

2.6 Theoretical analysis

2.6.1 Beam radius characteristics at different focal lengths of the lens

As explained in the previous section, beam focusing serves to intensify the beam

and obtain a higher power density to produce SHG. This is an effective method to
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implement, especially in the use of an Fs laser with a relatively small output power as
the laser source. To realize it, a parabolic lens or mirror can be used to focus the beam
where the focal lengths of both optical devices need to be considered to obtain the
appropriate beamwidth. To estimate the beamwidth of the focal beam, Equation (2.24)
is used in which the focal length of the lens plays an important role in focusing the Fs
laser beam.

Figure 2.13 shows the characteristic beam radius that half of the beamwidth at
different focal lengths of the lens with parameters L, d, and A set at 2 mm, 3.6 mm, and
1560 nm, respectively. The wavelength A in this calculation is the central wavelength
of the Fs wavelength range. As can be seen in the figure, the beam radius increases as
a longer focal length are used. In other words, the strong focus can be realized with

the use of a shorter focal length.
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Figure 2.13 Beam radius characteristic over the different focal lengths of lens

It should be noted that the different focal length can influence the Rayleigh length
and effective length of the crystal in the focal area inside the crystal. Figure 2.14 shows
the relationship between the Rayleigh length and focusing ratio (effective length of the
crystal) over the different focal length of the lens. It can be seen that the strong focused
beam leads to the narrow Rayleigh length. The narrower Rayleigh length can generate
the higher SHG however, the angle of divergence is getting bigger that can reduce the
SHG power. This opposite condition is unavoidable in the use of focused beam and
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must be considered in order to gain higher fundamental wave intensity experimentally.
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Figure 2.14 The relationship between Rayleigh length (red sign) and the focusing ratio (blue
sign) over the focal length of the lens

2.6.2 Nonlinear optical crystal characteristic in generating second

harmonic wave

The characteristics of SHG depend on the phase-matching condition of the
material. As it is mentioned in the previous section, in the use of NLO crystals, the
phase-matching condition of different NLO crystals requires a different phase-
matching angle. Let Ao and Az. be rewritten as A and A’ to describe the fundamental
wavelength and the second harmonic wavelength, respectively, with the relation of

both wavelength is A" = A/2. Then the Equation (2.19) can also be rewritten as

N (2 )0 (47 (2.44)

The refractive index of the o-ray and e-ray can be calculated using the Sellmeier
equation. The Sellmeier equation shows the empirical relationship between refractive
index and wavelength for a particular transparent medium such as NLO crystal given

by the following form [20]
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Ne(ﬂ' ),no(ﬂd ):\/A+ B _pi (2.45)

B
N, (4)= \/A+ I DA? (2.46)

Here, the coefficients A, B, C, and D, are the medium-specific constants for specific
NLO crystals. Since the Fs laser is used as the laser source, the fundamental
wavelength is ranging from 1480 nm to 1640 nm. In this chapter, we introduce several
uniaxial crystals, beta barium borate (BBO), lithium niobate (LiNbOs) coated by MgO,
and lithium iodate (LilOs) confirm the phase matching characteristics of those crystals
related to the given fundamental wavelength. From the reference [21] the medium-

specific constants to calculate the refractive index, are tabulated in Table 2.1.

Table 2.1 The medium-specific constants for several NLO crystals.

Crystals
Coefficients
BBO LilOs MgO: LiNbOs
For no (6=0°) 2.7359 3.4132 4.91296
Al-]

For Ne (6=90°) 2.3753 2.9211 4.54528

For no (6=0°) 0.01878 0.0476 0.116275
B [pm?]

For Ne (6=90°) 0.01224 0.0346 0.091649

For 1o (6=0°) 0.01822 0.0338 0.048398
C [pm?]

For Ne (6=90°) 0.01667 0.0320 0.046079

For no (6=0°) 0.01354 0.0077 0.0273
D [um?]

For Ne (6=90°) 0.01516 0.0042 0.0303

Figure 2.15a shows the refractive indices characteristic of BBO crystal over the
wide range of wavelength in which the inset figure shows the refractive indices for the
given wavelength range from 1480 nm to 1640 nm. By the given wavelength, it is

expected to generate the second harmonic in the wavelength range from 740 nm to 820
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nm. Figure 2.15b shows the characteristic of the phase-matching angle of BBO over
each mode of a given wavelength. It can be seen in the Figure that the dispersion range
of the phase-matching angle for BBO is 0.08° between the phase-matching angle range
from 19.85° to 19.93°.
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Figure 2.15 The nonlinearity of BBO crystal over the given wavelength from 1480 nm to 1640
nm; (a) The refractive indices characteristics of o-beam and e-beam inside the crystal; (b) The
phase-matching angle characteristics.

Figure 2.16a shows the refractive indices characteristic of LilOs crystal with respect

to the change of fundamental wavelength. Meanwhile, Figure 2.16b shows the

characteristic of the phase-matching angle of LilOs over each mode of a given
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wavelength. The angular dispersion of calculated phase matching angle is

approximately 2.50° between the angular positions of 20.55° and 22.05° from the

optical axis of the crystal, can be observed in the wavelength range from 1480 nm to

1640 nm which is wider that the dispersive angle of BBO crystal.
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Figure 2.16 The nonlinearity of LilOs crystal over the given wavelength from 1480 nm to 1640
nm; (a) The refractive indices characteristics of o-beam and e-beam inside the crystal; (b) The
phase-matching angle characteristics.

Figure 2.17a shows the refractive indices characteristic of MgO:LiNbO:s crystal over

the change of wavelength. Meanwhile, Figure 2.17b shows the characteristic of the

phase-matching angle of MgO:LiNbOs over each mode of a given wavelength. As can
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be seen in the figure, an angular dispersion of approximately 2.87° between the

angular positions of 48.50° and 51.37° from the optical axis of the crystal, can be

observed in the wavelength range from 1480 nm to 1640 nm.
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Figure 2.17 The nonlinearity of MgO:LiNbO:s crystal over the given wavelength from 1480 nm
to 1640 nm; (a) The refractive indices characteristics of o-beam and e-beam inside the crystal;
(b) The phase-matching angle characteristics.

2.7 Summary

SHG is one nonlinear optical phenomenon in which a fundamental wavelength

interaction with nonlinear material can generate the second harmonic wave with
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doubled frequency. For generating the efficient SHG, there are features that must be
fulfilled. First, the fundamental wave intensity must be sufficiently high over a certain
propagation length because for small conversion efficiencies at least SHG is
proportional to I2. This condition can be achieved by using a high-power laser source.
Second, the nonlinear medium must have a high second-order nonlinear coefficient,
therefore a careful choice of the NLO crystal is necessary. Lastly, the light beams
involved need to preserve their phase relation over the propagation length. This
condition requires additional measures since dispersion generally leads to a phase
mismatching between the FW and SHW. However, this problem can be overcome in
the birefringence crystal by choosing a particular orientation. Since the phase-
matching can be occurred in the one angle matching for respective wavelength, the Fs
laser that contains of wide range of wavelength is the suitable laser source for the
proposed angle sensor instead of the monochromatic laser source. Based on that, the
change in SHG spectrum can be used to indicate the change of angular position of the
target that represented by NLO crystals. In this chapter, BBO, LilOs, and MgO:LiNbOs
crystals are theoretically evaluated. Calculations show that for a wavelength range
from 1480 nm to 1640 nm, BBO crystals have a dispersion angle of 0.08° between 19.85°
to 19.93°. LilO3 crystals have a dispersion angle of 2.50° between the angular positions
of 20.55° and 22.05°, and MgO:LiNbO:s has a dispersion angle of approximately 2.87°
between 48.50° and 51.37°. These characteristics are used in selecting the appropriate

NLO crystal for the angle sensor configuration.
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Chapter 3
The design and construction of intensity-dependent

second harmonic generation angle sensor

3.1 Introduction

In this chapter, a new principle of angle measurement based on intensity-
dependent SHG with a femtosecond (Fs) laser is proposed. The characteristics of Fs in
which it has the frequency comb over a wide spectral range with equally spaced
(repetition rate) of each mode as well as high peak power and high-intensity electric
field, are expected to have a merit to be applied in angle sensor [1]. To develop the
angle measurement configuration with Fs laser as the source, the new measurement
principle is required. Measurement based on a non-linear optical phenomenon on non-
linear materials called second harmonic generation (SHG) [2,3], are proposed to be
implemented in angle sensors with Fs lasers as laser source. Therefore, the motivation
of this research is to explore the second harmonic wave generated by Fs laser in which
it is known that the output power of the second harmonic wave correlates with an
angle between wave vector and the crystal optic [1,2,4,5], called phase-matching angle,

as it has explained in Chapter 2.
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The fundamental characteristics of the proposed method are at first investigated
through theoretical analysis, followed by basic experiments of angle measurement for
demonstrating the feasibility of the proposed method. Since the incident angle
between the nonlinear optical element and the laser beam axis is an important
parameter, the incident angular characteristics of second harmonic generation are
calculated for several nonlinear optical elements. In addition, the dependence of the
SHG intensity on the angular displacement is also calculated. For the basic
experiments of angle measurement, a prototype optical setup employing a beta barium
borate (BBO) crystal as the nonlinear crystal is designed and constructed. A raytracing

calculation is carried out to further investigate the validity of the experimental results.

3.2 An intensity-dependent angle measurement principle

The principle of the angle sensor based on SHG with intensity-dependet is
presented in this section. The Fs laser as the fundamental laser source that passed on
the NLO crystal will generate the second harmonic wave if the phase-matching
condition is satisfied. As previously mentioned in Chapter 2, the phase-matching
condition requires the matching angle, the angle between the light wave vector and
the optical axis of the uniaxial NLO crystal. Since the Fs laser consist of wide range of
wavelength, it is possible to make a series of angle matching as the NLO crystal rotated.
It must be noted that the uniaxial NLO crystals have respective characteristics of angle
matching, therefore it is necessary to choose the suitable NLO crystal for the proposed
angle sensor.

Figure 3.1 shows a schematic of the optical setup for the proposed optical angle
measurement method in the intensity-dependent based on SHG with a femtosecond
laser. The optical setup is mainly composed of a Fs laser source, a photodetector, and
a nonlinear crystal mounted on a measurement target, which rotates about the Y-axis
in the figure. The optic axis of the nonlinear crystal is aligned to be parallel to the XZ
plane in the figure. A collimated beam from a femtosecond laser with a beam diameter

of d as the fundamental wave from the laser source, which is also aligned to be parallel
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to the XZ plane, is made incident to the nonlinear crystal to generate second-harmonic
waves. Since the power of the generated second harmonic wave p2o depends on the
angle 0 between the optic axis of the nonlinear crystal and the axis of the incident laser
beam, O can be obtained by detecting p2« with the photodetector.

Assume that the ordinary and extraordinary axes of the nonlinear crystal are
aligned to be parallel to the Y and X-axes, respectively, while the incident fundamental
wave and the second harmonic wave are polarized in the Y- and X-directions,
respectively. Denoting the power of the incident fundamental wave as po, the

relationship between p2» and 0 can be expressed by Equation (2.14) in Chapter 2

AB Measurement target
— Second harmonic

Fundamental _light wave
Mode-locked | light wave A Photo
Femtosecond
detector
laser
X
Y 7z Nonlinear crystal

thic axis of crystal

& (measurement target angle)
kl
Nonlinear crystal
Figure 3.1 The schematic of the optical setup for the proposed optical angle measurement
method based on SHG with a collimated femtosecond laser beam [6].

In the case with a uniaxial birefringent crystal such as beta barium borate (BBO),
regarding the refractive index ellipse shown in Figure 3.2a, the angle Om referred to as
the matching angle that satisfies 110(A1)=ne(Om, A2), as well as Ak(Om)=0, can be found;
this procedure is known as the index matching.

It should be noted that p2w, which is the sum of the second harmonic waves
generated in the nonlinear crystal, is also proportional to the square of p«, as can be
seen in Equation (2.14) in Chapter 2. At a position where the incident fundamental
wave generates the second harmonic wave, the two are coherent with each other. The

fundamental wave continues to generate additional contributions of the second
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harmonic wave while propagating through the nonlinear crystal. In the case where the
phase is mismatched 710(A1)#1e(Om, A2), as shown in Figure 3.2b, effective SHG cannot
be accomplished due to the different propagating speeds of the fundamental and
second harmonic waves in the crystal. Meanwhile, in the case where the phase is
matched, as shown in Figure 3.2¢, all the second harmonic waves are combined totally
constructively, and p2o can be maximized. As described above, efficient SHG can be
accomplished by the index matching. Although the angle-dependence of SHG is a
well-known phenomenon, in this paper an attempt is made to utilize the phenomenon
for detecting small angular displacement of the nonlinear crystal.

It is noted that, in addition to mode-locked femtosecond lasers, other pulsed laser
sources such as Q-switched Nd: YAG lasers can also generate second harmonic waves.
However, femtosecond lasers are more stable in output powers, and therefore more
suitable for angle measurement based on SHG than other pulsed laser sources.
Therefore, a femtosecond laser is more suitable for stable angle measurement based on

SHG, which is a nonlinear process associated with optical power.

Optic axis

nu(j’l) 9{ nc( 6’ /’l’l) no(/?'l) = ‘y"c( 65 /Ll)
l
i
(a) |
Destructive interference Constructive interference
(b) Phase mismatched case (¢) Phase matched case

Figure 3.2 The schematic of the second harmonic generation; (a) Refractive index ellipse of a
negative uniaxial crystal; (b) The phase mismatching condition; (¢) The phase matching
condition [6].



3.3 Theoretical calculation on the angle measurement
sensitivity

To estimate the sensitivity of angle measurement by the proposed method based
on SHG, theoretical calculations are carried out in the wavelength range from 1500 nm
to 1640 nm. The selection a nonlinear crystal that appropriate for the proposed optical
angle measurement method with a specific mode-locked femtosecond laser source is
conducted. The sensitivity of the proposed angle sensor depends on the phase
matching angle characteristic of NLO crystal with respect to the given wavelength. The
characteristic of several uniaxial crystal has been mentioned in the previous Chapter.
As the comparison, Figure 3.3 exhibits the wavelength dependence of phase-matching
angle mentioned in Chapter 2, BBO, LilOs and MgO:LiNbQOs. As can be seen in the
figure, the dispersion of the phase matching angle of BBO is found to be smaller than
those of LilOs and MgO:LiNbOs in the wavelength range; this wavelength-
independent characteristic of the phase matching angle of BBO is ideal for the

proposed optical angle measurement method based on the SHG.
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Figure 3.3 The wavelength dependence of phase matching angle for several uniaxial crystals.

By using the calculated phase matching angles shown in Figure 3.3, The sinc

quadratic function in Equation (2.14) for each crystal is also calculated. Figure 3.4a
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shows the results, which are referred as the response curves showing the relationship
between the power of the second harmonic wave p2» and the angle 0. In the figure, the
sinc quadratic function term is calculated for the cases with wavelengths of 1500, 1560,
and 1620 nm. As can be seen in the figure, peaks of the curves for several wavelengths
are almost overlapped with each other for the case with BBO crystal, while the peaks
of the curves for the cases with LilOs and MgO:LiNbQO:s are not. In the proposed angle
measurement method, the photo detector detects the power of second harmonic waves
regardless of the wavelength. The integrated values of the sinc quadratic function in
the spectral range are therefore calculated to simulate the photodetector output. Figure
3.4b shows the result. The peak of the response curve for BBO crystal is several times
higher than those for LilOs and MgO:LiNbOs. In addition, the variation of the
photodetector output with BBO crystal is similar to the sinc?[Ak(0)L/2] curve shown in
Figure 3.4a. Meanwhile, those for LilOs and MgO:LiNbOs are significantly different
from the sinc’[Ak(O)L/2] curves. Here, the sensitivity of the angle measurement system
is defined as the slope of second harmonic wave power to angular displacement. The
relative sensitivities of the second harmonic wave to angular displacement in the range
between 45 and 55% of the peaks at the left shoulders of the curves in Figure 3.4b. The
BBO crystal has relative sensitivity of 1 arbitrary unit, meanwhile LilOs and
MgO:LiNbO:s have the relative sensitivity of 0.16 and 0.091, respectively. BBO crystal
is therefore suitable for the optical setup with the erbium-doped fiber laser employed
in the following experiments

The calculations are also carried out to obtain the response SHG power for several
focal length; 40 mm, 75 mm, and 150 mm in the case of focused beam using Equation
(2.27). The parameter used in the calculation is tabulated in Table 3.1. Need to be noted
that the wavelength used in calculation is the central wavelength of the Fs laser. The

fundamental power in the parameter is the highest output power of Fs laser.
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Figure 3.4 The calculated response curves of second harmonic wave power with respect to
angular displacement for a collimated Fs laser beam; (a) sinc?[Ak(6)L/2] for wavelengths of
1500 nm (blue lines), 1560 nm (green lines), and 1620 nm (red lines); (b) The integrated value
of sinc?[Ak(0)L/2] with respect to a wavelength between 1500 nm and 1620 nm.

Table 3.1 Parameter used in the simulation of SHG.

Cw7] po [W] A [nm] L [mm] d [mm] J [mm]
40
3.66 x 10~ 1000 1560 2.0 3.6 75
150

Figure 3.5 shows the calculated response curve of SHG power over the angular
change of the BBO crystal. It can be seen that the response curves showed a similar
trend to the result of BBO shown in Figure 3.4b where a collimated beam with a large
power is employed, indicating the possibility of angle measurement based on SHG
with a focused laser beam. On the other hand, the full width at half maximum (FWHM)
of the response curve in Figure 3.5 is wider than that of BBO in Figure 3.4b. It means
that the sensitivity of angle measurement based on SHG with a focused laser is lower
than that with a collimated beam. The second harmonic wave power in Figure 3.5 is
found to be increased as the decrease of the focal length. This was mainly due to the

smaller laser spot diameter with smaller focal length, since the irradiance of second
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harmonic wave is proportional to the square of irradiance of the fundamental wave.
This can be utilized to improve the sensitivity of angle measurement based on SHG

with a focused laser beam.
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Second harmonic wave power a. u.

Figure 3.5 The calculated response curves of second harmonic wave power with respect to
angular displacement for several focal length of focusing lenses.

3.4 Experiments design and procedures

The experiments were carried out to demonstrate the feasibility of the proposed
angle measurement method based on SHG by using the developed prototype optical
setup, a schematic of which is shown in Figure 3.3. A commercial mode-locked Fs laser
(C-fiber, Menlo Systems) having a central wavelength of 1560 nm, was employed as
the light source for the setup. The Fs laser emitted from a single-mode optical fiber was
collimated by the collimating beam with diameter d of 3.6 mm. It must be noted that
the collimated Fs laser with must have sufficient intensity and poser density to
generate SHG. In the case of using a low output power Fs laser, it is effective to
intensifying the laser beam by focusing the laser beam in a nonlinear crystal to
generate the second harmonic wave although the applications of such an angle sensor
with a focused laser beam are limited. The technique of focused laser beam for SHG
shown in Figure 2.4 of Chapter 2, in which the laser spot diameter can be estimated by

Equation (2.24) in the previous chapter. To ensure the outcome of the laser focusing
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method in generating the second harmonic wave, the spectrum of both the generated
second harmonic wave and the unconverted fundamental wave is observed

experimentally as schematically shown in Figure 3.6.

Femtosecond
laser BBO crystal

Objective lens

Rotary stage

Optical fiber

Focusing lens

Collimating lens Optical fiber _
X Optical
spectrum
Y Z analyzer

Figure 3.6 Schematic of the experimental setup for observing spectra of fundamental and
second harmonic waves [6].

As can be seen in the figure, the collimated laser beam whose polarization
direction is parallel to the Y-axis was focused into a nonlinear crystal mounted on a
rotary stage by an achromatic focusing lens with a focal length of 40 mm. A type I BBO
crystal, in which the angle between its optic axis and the crystal surface was designed
to be its matching angle, was employed as the nonlinear crystal. By using an objective
lens, both the generated second harmonic wave and the unconverted fundamental
wave were coupled into a multimode fiber and observed by an optical spectrum
analyzer (OSA). The BBO crystal mounted on the rotary stage representing the
measurement target was rotated at 48 arc-second intervals corresponding to 500 pulse
intervals of the stepping motor controller to observe the total power of the SHG
spectrum with respect to the change in angular position and to investigate the angle-
dependence of the spectrum of the second harmonic wave.

According to Equation 2.14 in Chapter 2, a higher power p. or pi1 of the
fundamental wave contributes to an increase in p2o or p2. Therefore, an optical setup

adjustment is needed to optimize the focusing of the fundamental light beam in the
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BBO crystal. Since the beam spot diameter is one of important parameter in producing
higher power density, the focal length f of the focusing lens can be changed according
to Equations 2.24 and 2.26 in Chapter 2. The influence of focused laser beam diameter
was therefore evaluated in experiments by using several focusing lenses having
different focal lengths (40 mm, 75 mm, and 150 mm). The specification of the lens with

the focal length of 40 mm.
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Figure 3.7 Experimental setup of the intensity-dependent angle sensor (a) A schematic of

proposed angle sensor [6]; (b) A photograph of the experimental setup.
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Figure 3.7a shows the schematic of the optical setup for the proposed angle
measurement method based on SHG, and Figure 3.7b shows the photograph of the
experimental setup. It can be seen in the figure, the BBO crystal mounted on a precision
rotary table was placed at the focal plane of the focusing lens. To reduce the influence
of chromatic aberration, achromatic doublet lenses were employed as the focusing lens.
A polarizer was placed just behind the BBO crystal in such a way that the transmission
axis of the polarizer was set to be parallel to X-axis so that the second harmonic light
wave could transmit the polarizer, while the unconverted fundamental light wave
could be absorbed. The transmitted second harmonic light wave was detected by a
photodiode with a cutoff frequency of 30 MHz. The photocurrent signal from the
photodiode was converted into the corresponding voltage signal by a trans-impedance
amplifier, and was captured by an oscilloscope. The angular displacement was given
to the BBO crystal by the rotary table. A flat mirror was also mounted on the rotary
table so that the angular displacement given to the BBO crystal could be verified by a
commercial autocollimator employed as a reference. All experiment equipment

specifications in this research are shown in Table 3.2 to Table 3.18.

Table 3.2 The specification of the femtosecond pulse laser source

Components Value
Manufacturer Menlo Systems GmbH
Model number C Fiber (C Side)
Wavelength 1560 nm +/- 20 nm
Average Output Power >15 mW
Pulse Width <150 fs
Repetition Rate 100 MHz

Repetition Rate Instability +1 MHz
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Table 3.3 Specification of the rubidium frequency standard

Components Value
Manufacturer Stanford Research Systems, Inc.
Model number FS725
Output frequencies 10 MHz
Amplitude 0.5 rms, +10%
Accuracy +5x101

<2x101(1s)
Short time stability
<Ix10' (10 s)
(Allan variance)
<2x102(100 s)

Table 3.4 Specification of the frequency synchronizer.

Components Value

Model number RRE-SYNCRO

<200 fs (0.1 Hz — 500 kHz) or same as reference
RMS Timing Jitter
Whichever applies first

Table 3.5 The specification of the collimating lens.

Components Value
Manufacturer Thorlabs Japan Inc.
Model number F280FC-1550
Alignment wavelength 1550 nm
Focal length 18.75 mm
Collimating diameter 3.6 mm
Theoretical divergence 0.032°

AR Coating 1050-1620 nm
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Table 3.6 Specification of the single-mode fiber.

Components Value
Manufacturer OPTOKON Co., Ltd.
Model number NPC-2852D-J-001
Type FC Patchcord (FC/APC)
Fiber cable model G652D (Single mode fiber)
Mode field diameter 10.4+0.5 mm at 1550 nm

Table 3.7 The specification of the linear polarizer.

Components Value
Manufacturer Thorlabs Japan Inc.
Model number LPNIR050-C
Extinction Ratio >1000:1 at 1050-1700 nm
Diameter 12.5 mm

Table 3.8 The specification of BBO crystal.

Components Value
Manufacturer CASTECH Inc.
Name BBO (B-BaB20s4)
Diameter 6.00 mm x 6.00 mm
Thickness 2(x0.1) mm

0=19.8°+0.25°
Angle Tolerance
¢$=0°+0.25°

Flatness < A/8 at 633 nm
S1: P-1560 nm

Coating
S2: P-780 nm
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Table 3.9 The specification of the focusing lens (=40 mm).

Components Value
Manufacturer Edmund Optics Japan Co.
Model number #45-796

Type
Focal length

Diameter

Coating

Achromatic Lens
40.0 mm at 880.0 nm
12.0 mm

NIR II Ravg<0.7% at 750-1550 nm

Table 3.10 The specification of the focusing lens (=75 mm).

Components Value
Manufacturer Edmund Optics Japan Co.
Model number #45-799

Type
Focal length

Diameter

Coating

Achromatic Lens
75.0 mm at 880.0 nm
12.0 mm

NIR II Ravg<0.7% at 750-1550 nm

Table 3.11 The specification of the focusing lens (<150 mm).

Components Value
Manufacturer Edmund Optics Japan Co.
Model number #47-380

Type
Focal length

Diameter

Coating

Achromatic Lens
150.0 mm at 880.0 nm
25.0 mm
NIR II Ravg<0.7% at 750-1550 nm
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Table 3.12 The specification of the Photodiode.

Components Value

Manufacturer Hamamatsu photonics

Model number 54204

Name Si PIN photo diode
Size 4.1 mmx5 mm
Area of light receiving section 1 mmx2 mm
Wavelength range 320-1100 nm

Peak sensitivity wavelength 960 nm

Table 3.13 The specification of the Rotary stage.

Components Value
Manufacturer SURUGA SEIKI Co., Ltd.
Model number KRB04017C
Travel Range +8.5°
Resolution (pulse) 0.0067°(Full)
Repeatability positioning accuracy +0.003°

Table 3.14 The specification of the commercial autocollimator

Components Value
Manufacturer MOLLER-WEDEL OPTICAL GmbH
Name ELCOMAT 3000
Model number 229919
Max measurement range 2000 arc-second x 2000 arc-second
Number of measuring axes 2
Resolution 0.005 arc-second

+0.1 arc-second over any 20 arc-second range
Accuracy
+0.25 arc-second over total range
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Table 3.15 The specification of the stepping motor controller.

Components Value
Manufacturer SURUGA SEIKI Co., Ltd.
Model number DS102MS
Driver type (division number) Micro step (1-1/250)

Table 3.16 The specification of the digital oscilloscope.

Components Value
Manufacturer NIPPON AVIONICS Co., Ltd.
Model number RA2300
Name Omniace III
Resolution of A/D conversion 16 bits

Table 3.17 The specification of the fiber alignment stage.

Components Value
Manufacturer Thorlabs Japan Inc.
Model number MBT613D/M

Table 3.18 The specification of the objective lens.

Components Value
Manufacturer Edmund Optics Japan Co.
Model number #67-659
Type Double-Convex Lens
Focal length 30.0 mm at 587.6 nm
Diameter 30.0 mm

Coating NIR II Ravg<0.7% at 750-1550 nm
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3.5 Results and discussion

3.5.1 Evaluation of angle detection characteristics

Figures 3.8a and 3.8b show the observed spectra of the fundamental wave and the
second harmonic wave, respectively. In each figure, the integrated laser power over
the observed spectrum was also plotted. As can been seen in the figure, second
harmonic waves were successfully generated. In Fig. 3.8b, a strong dependence of the
power of the generated second harmonic wave on the angular displacement of the BBO
crystal was observed, indicating the possibility of angle measurement based on SHG
with a focused beam for a femtosecond laser source with a small power. The maximum
conversion efficiency of the fundamental wave to the second harmonic wave was
evaluated to be approximately 4%. The angle in which the intensity of the second
harmonic wave reaches the maximum was considered to be that the incidence angle of
the fundamental wave into the BBO crystal was matching angle. It should be noted
that the observed second harmonic spectra were Gaussian-like ones, while the
spectrum of the fundamental wave was flat; the root cause of this difference is mainly
due to the chromatic aberration of the focused fundamental light wave, the details of
which are explained in the following of this paper.

Experiments were carried out to evaluate the sensitivity of the developed optical
arrangement. Figure 3.9 shows the photodiode response signal due to the angular
displacement exerted on the BBO crystal obtained from the different focal lengths of
the lens. As predicted in the theoretical calculation results in Figure 3.5, the power of
the second harmonic wave was found to be higher with the decrease of focal length f.
The observed powers of the second harmonic waves showed similar angular
dependence compared with the simulation results. Meanwhile, the measurable angle
range, in which the variation of the output signal from the PD can be observed, were
found to be wider by several times compared with the range predicted in the
simulation results. The sensitivity was evaluated as the steepest region of these curves
as it isillustrated in Figure 3.10a, meanwhile the noise level was evaluated by checking

the output stability in a certain period of time as it is illustrated in Figure 3.10b. To do
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so, the rotary stage was fixed in the angle position in which the response voltage is
approximately half of maximum response voltage of the SHG. The data was taken for
500 ms with interval of 1 ms. As the result, Figure 3.11 shows a typical noise component
in the output signal from the PD in the case of using the lens with focal length of 75
mm. Furthermore, the measurement resolution of the developed angle measurement

method was evaluated as the ratio of the noise component (20) to the sensitivity.
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Figure 3.8 (a) Observed spectra and total power of the fundamental wave over the angular
displacement of BBO crystal; (b) Observed spectra and total power of the second harmonic

wave over the angular displacement of BBO crystal
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Figure 3.9 Experimental result of the SHG with angular displacement for several focal lengths
of lenses
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Figure 3.10 (a) The illustration of the measurement sensitivity determination; (b) The
illustration of noise level observation.

The experiment results that show the characteristics of the proposed angle sensor
for the use of different focal length of the lens are summarized in Table 3.19. From the
results, it is known that the highest sensitivity is achieved with the use of lens with the
focal length of 75 mm and a resolution of approximately 0.4 arc-second was estimated

to be achieved by the developed setup.
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Noise level (20) : 0.43 mV

0.5 mV/div.

Angular displacement
0.5 arc-second

PD output voltage

Time 100 ms/div.

Figure 3.11 PD output stability for detection of SHG with focal length of 75 mm and cut-off
frequency of 30 Mhz.

Table 3.19 Characteristics of the proposed angle sensor performance

Focal length Sensitivity Noise level Resolution
mm mV/ arc-second mV arc-second

40 0.97 0.44 0.45

75 1.18 0.43 0.36

150 0.79 0.37 0.47

Experiments were further extended to verify the resolution of the developed angle
sensor with intensity-dependent measurement. The BBO crystal was rotated by the
rotary table in a step of 0.4 arc-second, while the output signal from the PD was
monitored. Figure 3.12 shows the variation of PD output observed during the
experiment in which the output signal from the laser autocollimator is also plotted. As
can be seen in the figure, it was verified that the developed angle measurement system
could distinguish the given angular displacement. Meanwhile, as shown in Figures 3.5
and 3.8, the sensitivity of the developed angle measurement system observed in the
experiments was lower than that predicted in theoretical calculation results. The
chromatic aberration of the lens is considered one of the causes of differences in

experimental and calculation results.
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Figure 3.12 The measurement results using the proposed angle sensor (=75 mm) with respect
to the angular displacement in which the reference sensor output is also displayed.

3.5.2 Investigation of the chromatic aberration influence

As described in previous section, one of the causes of the difference in second
harmonic characteristics between theory and experiment is considered to be the effect
of aberrations in the optical system. To investigate the influence of the chromatic
aberration, ray tracing is carried out for the developed optical setup. Ray tracing is the
act of manually tracing a ray of light through a system by calculating the angle of
refraction or reflection at each surface. This is the primary method to determine the
performance of the optical system.

The optical model used for the ray tracing in this study is shown in Figure 3.13. In
the model, an achromatic doublet lens composed of a N-LAK22 substrate and a N-SF6
substrate is employed as the focusing lens, where the data of ref [8] are used for
Sellmeier equations of these glasses, and the refractive index of the substrates are
shown in Equations (3.1) and (3.2). An achromatic lens used in the configuration is a
lens that combines a spherical lens made of two different lens substrates to correct

chromatic aberrations.

2 2 2 %
N-LAK22: /1)=(1 1.142297814 0.5351384411°  1.040883851 J 51)

+ + +
A?-0.00585778594 1*-0.0198546147 A°-100.834017
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2 2 2 %
N-SF6: n, (1) = (1+ 1.779317634 N 0.3381498664 2.087344742 J (3.2)

+
A?-0.0133714182 A1*-0.0617533621 A*>-174.01759

The lens parameter to be used in the ray tracing method is summed up in Table
3.20. The curvature radius of each surface is denoted by Ri for the surface 1, Rz for the
surface 2, and Rs for the surface 3. Meanwhile, the center thicknesses are denoted by t
and t.. The origin of the ray tracing is set at the center of the surface 1. A ray whose
incidence axis is xo from Z-axis is refracted at surfaces 1, 2, and 3 in the figure, and then
is refracted at surface 4 of the nonlinear crystal. The result of the ray tracing for the
cases with a lens focal length of 40 mm is shown in Figure 3.14a for the case of the
change in the crystal’s angular position A0 equal to 0°. In the figure, the results with
wavelengths of 1500, 1560, and 1620 nm are plotted. Ray tracing is also carried out for
the case with A0 equal to 1°. The result is shown in Figure 3.14b. To clarify the
influences of refraction at surface 4, ray tracing is also carried out for the case without
BBO crystal. The result is shown in Figure 3.14c. Furthermore, to evaluate the
influences of chromatic aberration of the focusing lens, a parameter AZ, which is the
Z-directional distance between the focal positions of the rays with wavelengths of 1500

and 1620 nm, is introduced.

Substrate 1 (N-LAK22)
Substrate 2 (N-SF6)  ggpo

Surface 3 Surface 5

Figure 3.13 The system for calculation of ray tracing.
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Table 3.20 The lens parameters in ray tracing method

Focal length R1 R Rs 151 t2 ts
mm mm mm mm mm mm mm
40 22.81 42.11 84.66 4.5 2.5 36.4
75 21.91 42.30 84.66 3.0 2.5 72.4
150 250.49 565.11 1071.9 6.0 4.0 145.4

Substrate 1 (N-LAK22)
Substrate 2 (N-SF6)

BBO
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Figure 3.14 Results of ray tracing for the focal length of 40 mm of focusing lens; 1500 nm (blue
lines), 1560 nm (green lines), and 1620 nm (red lines); (a) the case for A = 0°; (b) The case for
A6 =1°; (c) the case without the BBO crystal
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Table 3.21 summarizes the AZ for the cases of focal lengths equals to 40, 75, and
150 mm. The difference between the sensitivities observed in the experiments and
those predicted in theoretical calculation results can be explained by the influences of
the chromatic aberration summarized in the table. In the experiments, second
harmonic wave was effectively generated around the beam waist position of the light
with a wavelength of 1560 nm (Z1560 nm), since the spectrum of second harmonic
wave had its central peak around 780 nm. This was because the irradiance of the laser
around Z1560 nm was larger than those in other areas due to the chromatic aberration,
and the resultant SHG occurred effectively around Z1560 nm; in other words, the

chromatic aberration made the effective crystal length L« shorter.

Table 3.21 The specifications of the lenses and the position of the BBO crystal

Focal length  AZ without BBO crystal Angle AZ with BBO crystal

mm mm deg. mm
0 0.14

40 0.09
1 0.14
0 0.26

75 0.16
1 0.26
0 0.52

150 0.32
1 0.52

The full width at half maximum of PD output voltage dependence on angular
displacement in Figure 3.9 is summarized in Table 3.22. The FWHM for shorter focal
length is found to be wider than that for longer focal length of the lens. The ratio of AZ
to b is also summarized in the table. The ratio of AZ to b for shorter focal length is also
found to be larger than that for longer focal length. Therefore, the effective crystal
length Les is shorter for shorter focal length due to the stronger influence of the
chromatic aberration. Thus, the resolution using the focal length of 75 mm is higher
than that using the focal length of 40 mm. For shorter Lett, the FWHM of the sinc
quadratic function becomes wider. The FWHMSs of sinc quadratic function calculated

for various length of crystal L are plotted in Figure 3.15. The experimental results are
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found to take closer value for the length of crystal of 0.25, 0.5, and 0.8 mm for the focal
length of 40, 75, and 150 mm, respectively. These L.t are several times longer than AZ;
this result indicates that SHG is localized around Z1560 nm within Les. Therefore, the
SHG spectra in Figure 3.8a are not similar to the fundamental wave spectra. Surface 4
of the BBO crystal makes the chromatic aberration AZ is 1.6 times longer than those

without the BBO crystal as shown in Table 3.21.

Table 3.22 FWHM of second harmonic power dependence on angular displacement and AZ/b

Focal length FWHM
AZ/b
mm arc-second
40 6500 0.29
75 3900 0.15
150 2300 0.075
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0 0.5 1.0 1.5 2.0 2.5
Crystal length  mm

FWHM of SHG power dependence on

Figure 3.15 FWHM of SHG power dependence on angular displacement for various crystal
length

3.6 Summary

A new optical angle measurement method has been proposed depends on the
intensity of SHG. The proposed method is making use of the unique characteristic of

high peak power and high-intensity electric field of the femtosecond laser pulses,
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which can generate second harmonic waves based on the nonlinear optical
phenomenon. Results of the theoretical analysis have clarified that BBO crystal is
suitable for the proposed angle measurement method when a mode-locked
femtosecond laser source having the spectrum ranging from 1500 to 1620 nm is
employed. It has been demonstrated by theoretical analysis and experiment that a
focused femtosecond laser beam is effective to realize SHG-based angle measurement
for a femtosecond laser source with a small power where the intensity of a collimated
beam from such a femtosecond laser source is too small to make SHG. Experimental
results with the developed measurement system have demonstrated feasibility of the
proposed angular measurement. Meanwhile, the sensitivity observed in the
experiments has been found to be lower than that predicted in the theoretical
calculation. To clarify the reason for the discrepancy between the results of theoretical
calculation and those of the experiments, investigations have been carried out based
on ray tracing. It has been clarified that the chromatic aberration has been one of the
main roots causes of these problems, taking the results of ray tracing and observed
second harmonic spectra into consideration. It has also been clarified that the shorter
focal length of the focusing lens has made the influence of chromatic aberration
stronger, and has made the effective crystal length Let shorter, resulting in the
degradation of the sensitivity.

It should be noted that, as the first step of research, this study has been focused on
the proposal of the angle measurement principle and on the verification of the
feasibility of the proposed principle under the condition of a focused beam from a low
power femtosecond laser source. Detailed investigation on the basic characteristics of
the proposed method, design optimization of the optical setup for the achievement of
higher resolution, as well as the measurement uncertainty analysis, will be carried out
in future work. It should also be noted that the applications of angle measurement
using a focused laser beam are limited and a high-power femtosecond laser source

with a high-intensity collimated laser beam will also be employed in future work.
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Chapter 4
High-precision wavelength-dependent SHG angle

detection

4.1 Introduction

This chapter proposes the feasibility study of high-precision SHG angle detection
in the optical frequency domain. Unlike the intensity-dependent angle measurement
in the previous section, the frequency-domain angle measurement is defined as the
angle displacement detection indicated by the change in the character of each given
frequency band over a range of frequencies. This method is proposed to overcome the
drawbacks of the intensity-dependent SHG-based angle sensor in which the
performance of the previous method is very dependent on the stability of the SHG
intensity. The NLO crystal is not allowed to shift from the focal point during the
measurement to avoid increasing measurement uncertainty. Moreover, chromatic
aberration is present in the previous method that causes the localization of SHG.

It is known that frequency is inversely proportional to wavelength. Thus, the

frequency-domain angle sensor can be shown in terms of wavelength band change
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over the given wavelength range due to the angle change. Since the angle detection is
based on SHG counts on the wavelength and its phase-matching condition, as
previously mentioned in Chapter 2, the monochromatic laser consisting of narrow
radiation width is unsuitable for this proposed angle sensor. Instead, the mode-locked
Fs laser is proposed to be applied in the configuration setup. The mode-locked laser is
characterized by two features, broadband in wavelength and high intensity, which is
well-suited for the SHG angle sensor in the wavelength-dependent. Therefore, the
mode-locked laser emitting femtosecond pulses are frequently used for measurements
with high precision that provide absolute quantifying due to its information regarding
the wavelength [1-5].

The SHG spectrum characteristic of the proposed method is firstly calculated by
the plan-wave approximation equation to predict the measurement trend. The
measurement trend designed in the theoretical calculation is realized experimentally
by focusing the mode-locked Fs laser on a rotary stage mounted-NLO crystal that
represents the measurement target. In this study, the configuration setup is changed
from refractive optics to reflective optics parabolic mirror to avoid the chromatic
aberration issue, which was a drawback of the focusing lens in the previous chapter.
An NLO crystal with a large angle matching dispersion is required to accommodate
the matching angle of the Fs wavelength range from 1480 nm to 1640 nm. Recalled the
NLO matching angle characteristic in Chapter 2, the MgO: LiNbO3 crystal has a
suitable range of matching angles of the given wavelength range. Further calculations
related to the measurement trend by taking into account refraction at the interface

between the NLO crystal and the air are also presented in this chapter.

4.2 The principle of wavelength-dependent angle sensor with

focused beam

Angle detection in the wavelength domain needs laser input with a wide range of
wavelengths, and the Fs laser is suitable for the requirement. As mentioned in Chapter

2, the angle detection based on SHG is related to the phase-matching condition that
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occurs at a matching angle for its respective given wavelength. In using an Fs laser that
consists of a wide range of wavelengths, when a specific wavelength component is at
a matching angle, other wavelength components experience phase mismatching. The
phase-matching of other wavelength components can thus be satisfied when the NLO
crystal experiences angular displacement about its Y-axis. Figure 4.1 shows a
schematic of the angle measurement based on the proposed method. By utilizing the
SHG spectrum characteristic, angle measurement can be carried out by monitoring the
evolution of the second harmonic spectrum over the angle change of the crystal. Unlike
the angle sensor that depends on intensity where the dynamics of SHG are observed
by using an oscilloscope-connected photodiode where the change in the output
voltage of the photodiode indicates the angular displacement of the measurement
target, the wavelength-dependent angle sensor uses a multimode fiber-connected to
an optical spectrum analyzer (OSA) to display the spectrum within the desired range
of wavelength.

Two methods are applied in terms of SHG peak determination, the centroid
method and the spectral peak determination based on the highest intensity. The
difference between peak determination methods will be discussed in the next section
of this chapter. The spectral peak evolution based on both peak determination
methods constructs the measurement trend. Thus, the sensitivity can be estimated. To
realize the SHG-based angle measurement with wavelength-dependent, the
characteristic of the NLO crystal that is acceptable for the angle setup is the crystal
with a wide-angle of dispersion. According to the theoretical analysis in Chapter 2,
MgO:LiNbO:s crystal has a suitable phase-matching characteristic for this proposed

angle sensor.
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Figure 4.1 Schematic of the propose angle sensor principle based on SHG utilizing Fs laser.

4.3 Calculation design

Theoretical calculations are carried out to predict the measurement trend of the
proposed angle sensor. As explained in Chapter 2, the SHG calculation must consider
several parameters including the beam type to generate the second harmonic wave. In
the use of the CW collimation beam, for example, calculations using the wave-plane
approximation can be performed to describe the behavior of generating the second
harmonic wave. The same thing can be done in the use of a collimated FS laser where
each fundamental power associated with each wavelength contributes to the
generation of SHG at its respective SHG wavelength [6]. Meanwhile, in the use of a
focused beam, the wave-plane approximation calculation can also be exploited to
predict the trend of the second harmonic wave as long as the Rayleigh length area is
long enough compared to the length of the crystal NLO. If the Rayleigh length is much
shorter than the crystal length, then the calculation using the plane wave
approximation needs to be reviewed [7]. However, the plane wave approximation
calculation is performed in this study as a preliminary analysis.

Through the plane wave approximation, let the fundamental power p. and SHG
power pz in Equation (2.14) be rewritten as p; and p;;’, respectively, where the i-th
index denotes the wavelength and the j-th index denotes angular position. As it is

related to Equation (2.16) as well, the new equation can be written as follow [7-10]
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i=12,...m
j=12,...,n" (4.1)

p; p? sinc® (|Ak(O)|L/2) ;

Here, €0is vacuum permittivity, c is the speed of light in a vacuum, L is the length of
the crystal, and A is the cross-sectional area. These quantities are considered to be
constant and be ignored to simplify the calculation since they remain the same despite
the changes of other physical quantities. Meanwhile dex is the effective nonlinear
coefficient that depends on the crystallographic point group and the propagation
direction. Since MgO: LiNbO:s is employed in this study, the derr is determine by
Equation (2.20) in Chapter 2. The azimuthal position between the X-axis and the
projection of the wave vector in the surface of the crystal ¢ in the equation is related to
crystal orientation. It does not influence phase matching for the case of a uniaxial
crystal-like MgO: LiNbOs [11]. Therefore, it is assumed in this calculation that ¢ is

equal to 0, thus Equation (2.20) can be rewritten as follows
dy =d,, 080 (4.2)

where dz is the nonlinear coefficient to 2.1 pm/V for MgO: LiNbOs crystal, 0 is the
angle between the optical axis and the propagation direction (wave vector) which can
be determined over the angle change of the crystal that rotates about its Y-axis. This
angle is strictly determined by the phase matching condition. According to Equation
(4.1), dett is contributing to the magnification of the SHG power only. It means that the
characteristic of the angle measurement is not affectionated by the dett and can be
neglected in the calculation. It should be noted that restricting factors such as heat
effect, walk-off effect, and dispersive spreading are not taken into consideration in the
calculation [7]. The FW power intensity p; can be determined in the experiments where
every mode in the fundamental wave has its deterministic power intensity.
Furthermore, it should be noted that p;;" is proportional to the quadratic of FW power
(pi?) and the quadratic of sinc function. This sinc function describes the behavior of the

laser propagation inside the crystal. By taking the birefringent effect and phase
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mismatching Ak into consideration, it can be expressed as follows:

sin’ (|Ak(6)|L/2)
(ak@)L/2)

sinc’ (|Ak(0)|L/2) = (4.3)

Where the Ak can be determined using Equation (2.21) correlates with Equation (2.18)

in Chapter 2. Let the fundamental wavelength Ao and SHG wavelength Az. be rewritten

as A and A, respectively, so that the equations can be written as

Ak(6) :47”[ n,(2)-n, (0.4 )} (4.4)

n, (9, A ) - + ' (4.5)

The matching angle of MgO: LiNbOs that has been shown by Figure 2.2 in Chapter 2,
is satisfied when Ak (Opm) = 0 and 710(A) = ne (Opm,A’). After all the calculations are

tulfilled, the matrix p2 can be built as follows:

p11' p12, o pln'
p, = p2:1 pz:z p2:n (4.6)
pm1' me' pmn,

The matrix rows represent the calculated second-harmonic power intensity related
to angular displacement. Meanwhile, the matrix column represents the second
harmonic power intensity associated with the wide range of Fs laser wavelength. The
calculated angle measurement trend can be decided by the peak of the calculated
spectrum of the second harmonic wave concerning the angular displacement. Finally,
the sensitivity can be determined by the slope of the calculated peaks trend line of the

second harmonic wave.
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4.4 Experiment design and procedures

In this section, the experimental setup and procedures are explained in detail. It is
known that SHG can only be generated by sufficient FW power. However, the direct
use of the Fs laser output is insufficient to generate a proper harmonic wave that OSA
can observe. As the practical solution, beam intensifying is needed to gain higher
power density, that is, by reducing the beamwidth. The beam intensifying procedure
has already been proposed in Chapter 3 by employing the lens. However, chromatic
aberration is becoming an issue that cannot be avoided with the use of the lens.
Therefore, the new beam intensifying setup is introduced by changing the refractive

properties of the lens to the reflective properties of the parabolic mirror.
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Figure 4.2 Schematic of experimental setup of focused beam observation.

The experiment of the proposed angle detection in the optical wavelength domain
is firstly started by the alignment procedure with a commercial mode-locked
femtosecond laser employed as the FW laser source. The laser is synchronized by an
Rb frequency standard and a frequency synchronizer. The beam emitted from the

fiber-connected Fs laser propagated through the optical devices, i.e., a collimating lens
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to avoid the beam spreading as the laser propagates, a polarizer to polarize the laser
beam, and an off-axis parabolic mirror to focus the beam. Afterwards, to confirm the
beamwidth reduction due to the beam focusing procedure, the beam in the focal point
of the off-axis parabolic mirror is observed by using the beam profiles-connected to PC

as the experimental setup is schematically shown in Figure 4.2.

The alignment for the angle measurement is the next step to be done. Once the
focused beam has been confirmed, a rotary stage-mounted MgO:LiNbOs crystal
representing the measurement target is placed in the focal point of the parabolic mirror.
Afterwards, the beam consists of FW and generated SHW eventually reaches an
objective lens and multimode fiber connected to an optical spectrum analyzer in which
both spectra are recorded. The stepping motor controller drives the rotary stage to
ensure the angular shift of the target is restrained. The alignment stage is equipped
with an objective lens that can be moved independently in the XYZ axis to guide the
beam to the multimode fiber. The schematic setup and the photograph of the
experimental setup in this study can be seen in Figure 4.3(a) and Figure 4.3(b),
respectively. The specification of the off-axis parabolic mirror, multimode fiber, the
optical spectrum analyzer, MgO:LiNbOs crystal, fiber alignment stage, and beam

profiler can be seen in Table 4.1 to Table 4.5.

Table 4.1 The specification of the beam profiler.

Components Value
Manufacturer Thorlabs Japan Inc.
Model number BP209-IR
Wavelength range 900-1700 nm
Measurable beam diameter 2.5 um-9 mm

Dynamic range 78 dB
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Figure 4.3 Experimental setup of wavelength-dependent angle sensor with focused beam

femtosecond laser (a) A schematic of proposed angle sensor; (b) A photograph of the
experimental setup [12].
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Table 4.2 Specification of the optical spectrum analyzer.

Components Value
Manufacturer Yokogawa Electric Co.
Model number AQ6370C-20
Wavelength range 600-1700 nm
Wavelength accuracy +0.01 nm (Range: 1520-1580 nm)
Wavelength resolution 0.02 nm
Wavelength repeatability +0.005 nm
Intensity sensitivity —90 dBm [i.e. 1 pW] (1300-1620 nm)
Intensity accuracy +0.4 dB (when input intensity is —20 dBm)
Intensity dispersion +0.1dB

Table 4.3 Specification of the off-axis parabolic mirror.

Components Value
Manufacturer Thorlabs Japan Inc.
Model number MPD029-G01
Reflected Focal Length >1000:1 at 1050-1700 nm
Off-Axis Angle 90°

Table 4.4 Specification of MgO:LiNbOs crystal

Components Value
Manufacturer CASTECH Inc.
Name 5%MgO:LN
Diameter 5(x0.1) mm x 5(x0.1) mm
Thickness 2(x0.1) mm
6=47°+0.5°
Angle Tolerance
$=30°+0.5°
Flatness <A/6 at 633 nm

Coating 51, S2 : AR (1500-1600 nm/750-800 nm)
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Table 4.5 Specification of the multi-mode fiber.

Components Value
Manufacturer Thorlabs Japan Inc.
Model number M42L.02
Type FC/PC to FC/PC
Wavelength range 400-2400 nm
Core diameter 50 mm * 2%

The pulse-to-angle conversion was evaluated using an autocollimator as the
experimental setup is shown schematically in Figure 4.4. The angular shift of the rotary
stage due to pulses given at certain intervals is observed by the autocollimator as an
external angle sensor in the clockwise and counterclockwise rotation directions. The
clockwise rotational movement corresponds to the forward measurement result. While
the counterclockwise movement is indicated by the inverse measurement results. In
the first step, the angular movement is carried out on the angle range of the
autocollimator because the autocollimator has a limited angle range which is lower

than the proposed angle sensor range.

Mirror

Autocollimator —\

X |
&—— 4 = e e
v [ -

I Stage-connected
rotary motor

Figure 4.4 The schematic of experimental setup to confirm the angle shift of the rotary stage
due to the given interval pulse.
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Figure 4.5 (a) Angle shift observation over the interval of 10 pulses; (b) Augmented area of
angle shift observation near the maximum pulses given to the rotary stage; (c) Augmented area
near the initial position or rotary stage.
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Figure 4.5 exhibits the experimental results. The comparison between the forward
and reverse measurements can be seen in Figure 4.5a by the blue and red lines,
respectively. Even though they have a similar tendencyi, if the edge of the measurement
is enlarged, it is seen that the two lines do not coincide. There is a discrepancy between
the two lines, as shown in Figures 4.5b and 4.5c. It indicates that the rotary stage is not
returning to the initial position even after the same pulse is applied. As a consequence,
the different conversion values are obtained, where the forward movement has a
conversion value of 1.211 arc-second/pulse and the reverse movement has a conversion
value of 1.203 arc-second/pulse. In this study, the forward or the clockwise movement
will be applied in the rotary stage during the experiment.

The stability of the given pulse can be seen in Figure 4.6. As can be seen in the
figure, even though the constant pulse is given to the rotary stage, the angular
movement is not constant. However, both directions of movement of the rotary stage

have stability with the same tendency every ten times of data.
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Figure 4.6 The pulse interval stability

4.5 Result and discussion

4.5.1 Beam spot evaluation

Figure 4.6 exhibits the beam spot evaluation that shows the Gaussian-like
distribution of the intensity. The beam width can be defined as the 1/e? value of those
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Gaussian-like intensities. By using Equation (2.24) in Chapter 2, the beamwidth of the
laser in the focal spot can be estimated. As the focus distance of the parabolic mirror is
50.8 mm, the diameter of the diameter collimated beam is 3.6 mm, and the central
wavelength of 1560 nm, the diameter of the focussed beam is expected to be 28 um.
However, the experimental observation using the beam profiler shows a slightly wider
beamwidth where the beamwidth in X-position is 37.2 um and Y-position is 42.5 um,
as can be seen in Figure 4.7, indicating that the laser beam is not perfectly round. The
measurement result was larger than the calculation in both axes. One of the reasons
can be due to imperfect alignment. There is a possibility that aberration such as comma
aberration has been generated, which is inferred from the two factors; alignment of the
X-position is more difficult than that of the Y-position, and the diameter of the Y-

position is larger than that of the X-position.
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Figure 4.7 Result of beam spot observation; (a) Cross-sectional profiles of X-axis; (b) Cross-
sectional profiles of Y-axis.

4.5.2 Calculation result of SHG-based angle measurement

The characteristics of 1¢(0,A") and the characteristics of the sinc quadratic function
significantly influence the SHG characteristic according to Equation (4.1). These
parameters dynamically change over a variety of wavelengths and angles. Figures 4.8a
and 4.8b present the dynamics of the sinc quadratic function of MgO:LiNbO:s crystal

according to Equation 4.3 in the 3D plot and 2D plot, respectively. It can be seen that
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the spectral width of the sinc quadratic function spectrum is getting narrower as a
larger angular shift is applied to the crystal. Meanwhile, Figure 4.9 shows the

calculation result according to Equation 4.5, which reveals the dynamics of the ne(0,

AY).
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Figure 4.8 The dynamics of sinc quadratic function over the change of angle for given
fundamental wavelength ranges from 1480 nm to 1640 nm; (a) The 3D plot; (b) The 2D plot.
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Figure 4.9 The characteristics of ne(0, A") with respect to the SHG wavelength and angular
displacement around the phase-matching angle of MgO:LiNbO:s crystal

The FW power intensity for the calculation is extracted by the observed FW spectrum
of Fs laser as shown in Figure 4.10, where each mode of wavelength has a respective
power intensity. The spectrum is not smooth because it consists of peaks and valleys
in which three high peaks are spotted, where the significant drop in intensity has
occurred at wavelengths of 1522.8 nm and 1535.6 nm. The OSA sensitivity is set to the
“NORMAL” setting during data recording with 500 sampling data within the

wavelength range from 1480 nm to 1640 nm.
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Figure 4.10 The fundamental wave spectrum characteristic of the Fs laser

The calculation result to predict the SHG spectrum characteristic using Equation

(4.1) with the matrix model of Equation (4.6) is shown in Figure 4.11 as 2D and 3D
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plotted graph. The contour characteristic of the calculation in Figure 4.11a shows the
emergence of localized SHG intensity in three areas. It can state that the localized SHG
intensity is caused by the characteristic of the FW spectrum in Figure 4.10, where it
also has three significant intensity areas. As shown in Figure 4.11b, a drop in SHG

power also appears, resulting in the appearance of separate peaks (split peaks) at a

certain angular position of the crystal.
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Figure 4.11 The SHG spectra characteristic based on the calculation result; (a) The 2D plot; (b)
The 3D plot.
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The measurement trend based on the calculation result in Figure 4.10 is evaluated
by observing the peak shift of the SHG spectra with respect to the angular position of
the crystal around its phase-matching angle. Two methods are introduced in order to
determine the peak position. The first method is the centroid method, where the peak
of spectra is indicated by the central value of the spectra that is evaluated using the

following formula [13].

(
e = W (4.7)

where Ai is the i-th sampling wavelength and I(Ai) is the optical intensity at Ai. To
minimalize the noise influence, the cutoff power intensity is given and set to half of
the maximum intensity so that the following condition can be realized

()= 0 if1(4)<05max{l(4)} us)

1(%) if 1(4)=05max{I(4)}
The second method is the highest intensity method that directly determines the
spectral peak, where the highest intensity of the SHG spectrum for the respective
angular position indicates the peak of the spectra. Unlike the centroid method, no cut-
off power is applied to the calculation procedure.

Figure 4.12 displays the measurement trendline of the calculated SHG spectra
based on the centroid and the highest intensity methods. In general, no significant
difference inside the measurement sensitivity area or the area in which the trendline
is linear. However, this method gives significantly different results in the split peak
area, as shown in the figure, wherein the centroid method allows continuous
measurement trends in the split peak area. In contract, the highest intensity method
shows the real spectral peaks without additional data processing. It reveals that the
sensitivity of the theoretical calculation is 0.00724 nm/arc-second using the centroid

method and 0.00713 nm/arc-second using the highest intensity method.
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Figure 4.12 The measurement trendlines based on the centroid method (blue dots) and the
highest intensity method (red triangles)

4.5.3 Experimental result and evaluation on the angle measurement

Experiments were carried out to confirm the feasibility of the proposed angle
sensor. The use of a parabolic mirror in the proposed angle sensor has been shown to
reduce the chromatic aberration that occurs when the beam is focused using a lens, as
described in Chapter 3. In Chapter 3, the BBO crystal was employed as a nonlinear
optical crystal because the angular dispersion of BBO to the phase mismatch is rather
small. As the preliminary observation result to confirm the advantage of the parabolic
mirror in beam focusing, Figure 4.13 shows a comparison of the SHG spectra obtained
with a parabolic mirror and a lens, as depicted in Figures 4.13a and 4.13b, respectively.
As can be seen in Figures 4.13a and 4.13b, the spectral trends of the two results are
quite different. In the case where a parabolic mirror focused the laser, the second
harmonic wave spectrum has a shape that reflects the shape of the FW spectrum in
Figure 4.10. The spectrum is broader than the spectrum obtained when the lens was
used to focus the light. On the other hand, the second harmonic wave spectrum with
the lens focusing has a Gaussian-like shape. This is because when the light is focused
by a parabolic mirror, the localization of the second harmonic wave due to chromatic
aberration shown in Chapter 3 does not occur. As discussed in Chapter 3, the
conversion efficiency from the FW to second harmonic wave at the wavelength apart

91



from the central wavelength decreases due to less intensity at the focusing point of the
wavelength due to chromatic aberration. Therefore, by using a parabolic mirror, it is

expected that a wide measurable range can be achieved by eliminating the effect of

chromatic aberration.
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Figure 4.13 (a) Observed second harmonic wave spectrum using parabolic mirror, (b)
Observed second harmonic spectrum using lens.

A feasibility study of the proposed angular measurement method based on second
harmonic generation in the optical wavelength-dependent was carried out. The
MgO:LiNbO:s crystal was employed as a nonlinear optical crystal in the experiment.
Data were taken with pulse intervals of 150 for 120 data on the angular position of the
crystal. Figure 4.14 shows the experiment result as the 2D and 3D graphs of SHG
spectra observation over the change in angular position. The localized SHG intensities
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are spotted as it has predicted by the theoretical calculation in the previous section as

well as the split peak that also appears in a similar position as the calculation result.

The spectral evolution near the split pea area is shown in Figure 4.15. Two peaks

appear within a certain range of angular positions of the crystal.
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Figure 4.14 The observed SHG spectra characteristic over the change in angular position of
MgO:LiNbO:s crystal; (a) The 2D plot; (b) The 3D plot.
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Figure 4.15 The spectral evolution in the split peak area

The measurement trend is indicated by the spectral peak of the observed SHG in
Figure 4.14. As explained in the previous section, the spectral peak can be determined
by the centroid method (Ic method) and the highest intensity method (Ipeak method).
Compared to the centroid method, the highest intensity method is easier to realize
experimentally since the spectrum's peak can be observed using the OSA directly. On
the other hand, the centroid method reduces noise influence. To confirm it, the spectral
peak determination without cut-off of the intensity (Ic non-threshold) is also
performed in the centroid method.

Firstly, the measurement trend line by the Ic non-threshold is evaluated as shown
in Figure 4.16. The whole analysis in Figure 4.16a shows the nonlinear spectral peak
on the edge of the measurement trendline; therefore, to determine the measurement
sensitivity, the trendline is cut in the range of the linear part only, as shown in Figure
4.16b. The measurement sensitivity according to Figure 4.16b is 0.00299 nm/arc-second.
On the other hand, Figure 4.17 shows the angle measurement trendline by the centroid
method with the cut-off power intensity. The noise effect, especially at the edge of the
measurement trendline in which the SHG conversion is relatively low, can be reduced.

As a result, the measurable angle can be expanded. This analysis achieves the
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measurement sensitivity of 0.00311 nm/arc-second. Lastly, Figure 4.18 exhibits the
angle measurement trendline by the highest intensity method. The measurement
trendline is not as smooth as the result analyzed by the centroid method, but it has a
similar measurement tendency. Unlike the analysis result using other methods, the
result by this method shows two different sensitivity areas as the consequence of the
split peak emergence. Those are 0.00347 nm/arc-second in the most extended angle

range and 0.00092 nm/arc-second in the least angle range.
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Figure 4.16 Angle measurement trendline using centroid method without cut-off power
intensity; (a) the entire spectral peak analysis; (b) the spectral peak in the linear area.
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Figure 4.17 Angle measurement trendline using centroid method with cut-off power intensity;
(a) the entire spectral peak analysis; (b) the spectral peak in the linear area.
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Figure 4.18 Angle measurement trendline using the highest intensity method; (a) the entire
spectral peak analysis; (b) the spectral peak in the linear area.

Figure 4.19 compares the trend line angle measurements using all analytical
methods. Each method works differently in the split peak area where continuous
points are obtained using the centroid method; meanwhile, the discrepancy appears
in using the highest intensity method. Figure 4.20 provides a better understanding of
how different analytical methods give different results in determining spectrum peaks,
especially in the double peak area. It is known that the resolution of the OSA is 0.02
nm; therefore, the angular resolution of the experiment result is equal to measurement
sensitivity divided by the wavelength resolution of the OSA. The experiment result of
the proposed angle sensor analyzed by some spectral peak methods is summed up in
Table 4.6. The measurement sensitivity is less than the calculated measurement
sensitivity in the previous section. However, the measurable angle is wider compared
to the calculation result. The difference between the calculation and experiment result

will be discussed in the next section.
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Figure 4.20 The spectral peak determination using different method in the split peak area.

Table 4.6 Angle measurement result in several methods

Method Wavelength range Angle range Sensitivity Resolution
o nm arc-second nm/arc-second arc-second
Ic non-threshold  752.88 — 800.76 17100 0.00299 6.69
Ic threshold 744.02 - 806.32 20880 0.00311 6.43
760.40 — 807.40 14940 0.00347 5.67
Ipeak
750.40 — 753.80 4140 0.00092 21.74

Further analysis using the centroid method, the measurement resolution that was
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previously limited by the wavelength resolution of the optical spectrum analyzer is
possible to be overcome by this method. The measurement resolution can be expressed

by the following equation

AO=—. (4.9)

Where AO denotes the angular resolution, N denotes the noise level, and S is the
sensitivity coefficient. In this study, N is twice as large as the standard deviation of the
centroid wavelength at a specific angular position, and S is the angle detection
sensitivity obtained in the experiment. In order to obtain the resolution of the proposed
method using the centroid method, the noise level from experiments was evaluated by
taking ten spectral measurement data with a fixed rotary stage as a result shown in
Figure 4.21. In addition, the dynamic range of the measurement method was also

evaluated as a ratio of measurable range to resolution.
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Figure 4.21 Experimental result of noise level using the standard deviation of the center-of-
gravity wavelength calculation for each data point

Table 4.7 The experimental results of the proposed angle measurement system.

Standard deviation = Sensitivity Resolution Anglerange Dynamic
2S5 nm nm/arc-second  arc-second  arc-second range
0.00943 0.00311 3.03 20880 6891
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4.5.4 Angle measurement evaluation with the influence of different

index of refraction

The diffraction of a laser beam is one of the optical properties that cannot be
eliminated in verifying the proposed method due to crystal usage. In general, the
incident laser beam that passes through the boundary of two media with different
refractive indices will propagate following Snell’s law, as schematically shown in

Figure 4.22 and expressed as follows [14].

sin@ =n_siné, (4.10)

Nonlinear

X1 optical crystal

Crystal
v rotation

(@)

Figure 4.22 Schematic of refraction effect due to crystal diffraction; the change in direction of
an incident laser beam through a nonlinear optical crystal

The figure above considers a case where the crystal is assumed to be a rectangular
parallelepiped and a certain wavelength satisfies the phase-matching angle (Om). The
angle between the normal axis and optic axis crystal is marked as Ospec, the incident
angle is 0, the refraction angle is O, the refractive index of the crystal is n, and the

refractive index of air is assumed as 1. The relations of those parameters are described

by the following equations.
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6 =6,—-0 (4.11)

r m spec

6 =sin™* {sin(nc (6,0 ))} (4.12)

m ~ Yspec

It is noticed that crystal diffraction will affect the SHG calculation because the incident
angle to the optic axis of the nonlinear crystal to achieve the phase matching condition
must be greater than the assumed incident angle. Moreover, the sinc function will also
change.

Let the measurement trend lines analyzed by the centroid method, shown in
Figure 4, be modified following Snell's equation. The modified calculation that
considers the refraction is found to concur with the experimental result, as shown in
Figure 4.23. Here, the result is displayed as the spectral peak shift with respect to the
phase-matching angle of MgO:LiNbO3 crystal. The results are plotted so that the
angular displacement of the experiment and modified calculation are consistent at the

wavelength of 780 nm.
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Figure 4.23 Comparison between angle measurement result from experiment and modified
calculation with the influence of refraction.

The proposed SHG angle detection in the wavelength domain has a high

reproducibility because the measurement is based on the observed wavelength that is
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not affected by the intensity fluctuation of the FW. An even higher resolution and
dynamic range can be obtained by increasing the signal-to-noise ratio with higher
incident FW power. A supercontinuum source, for example, is another option to get a
wider measurable range. However, the use of higher incident FW power must pay
attention to the side effects that can affect the performance of the angle sensor, for
example, the heat effect, which is very commonly found in the use of high-intensity

laser sources.

4.6 Summary

A new optical angle measurement method has been proposed by using the unique
characteristic of high peak power and wide spectral range of the femtosecond laser
pulses, which can generate second harmonic waves in a wide spectral range. The angle
detection method is presented in the wavelength domain to realize the absolute angle
measurement. The theoretical analysis results have clarified that the widest
measurable range can be achieved in the case that MgO:LiNbO:s crystal is employed
for the proposed angle measurement method. In the experiment, the validity of using
a parabolic mirror has been demonstrated, where the chromatic aberration of the
focusing beam has occurred in the localization of SHG in previous research can be
solved by using an off-axis parabolic mirror for beam focusing. The experimental
results with the developed measurement system have demonstrated the feasibility of
the proposed angular measurement. Moreover, it has been clarified that the refraction
of the interface between the air and nonlinear optical crystal should be considered. As
a result, the measurable range of 20000 arc-second and measurement resolution of 3.03

arc-second has been achieved.
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Chapter 5
Optimization of wavelength-dependent SHG angle

Sensor

5.1 Introduction

Various studies are still being carried out to improve the performance of angle
sensors even though many types of angle sensors have been established and
commercialized with various measurement methods and models for specific
measurement purposes [1-4]. Research on conventional angle sensors such as
inductive angle positioning sensors [5,6], autocollimators [7,8], and rotary encoders
[9,10], is no exception. The angle-sensing technology is still a challenge to meet the
need for current trends in technology that lead to the manufacturing of high
complexity products yet shrinking in dimensions. It requires a suitable angle sensor
that is not limited by the type of material being measured, has minimal potential
damage to the material during the measurement process, and is expected to have
minimal maintenance costs [11,12]. An inductive angle positioning sensor, for example,

has limitations for detecting the metal target only. Meanwhile, the autocollimator is
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time-consuming in operation as it is hardly positioned and requires regular
maintenance, and the rotational magnetic encoder commonly contains fine parts that
are sensitive to contamination. These reasons encourage more intensive research on
new angle measurement methods, especially non-contact angle sensors, as the solution
to bridge these problems.

A second harmonic wave angle sensor, a non-contact optical-based angle sensor,
offers a well-suited measurement configuration system to satisfy the aforementioned
requirements [13,14]. The second harmonic generation (SHG) is a phenomenon in
which the optical wave source passes through a nonlinear optical material and
generates a frequency-doubled harmonic wave where the power of the second
harmonic wave is highly dependent on the wavelength and the incident angle of the
source toward the nonlinear material [15]. SHG has attracted attention because of its
advantages that can be found in many fields of study, especially in the biological and
medical sciences for bioimaging spectroscopy [16—-18], nonlinear microendoscope
[19,20], and surface chemistry sensing [21,22]. However, the application of SHG in
angle displacement measurement is relatively new, and related research is still limited.

In the previous chapters, a new angle measurement based on the SHG by focusing
a Femtosecond laser (Fs) laser beam with lenses [13] and a parabolic mirror [14] into a
nonlinear optical (NLO) crystal serving as a measurement target has been proposed
with intensity-dependent and wavelength-dependent measurement. The focused
beam method is one practical way to obtain highly intense fundamental waves of Fs
laser for generating harmonic waves. A good performance has been achieved when
the NLO crystal is placed at the focal point or within the Rayleigh length region of the
parabolic mirror, where the beam can be treated to have a plan wave nature. This
measurement method holds promise in the angle shift detection of fixed-positioned
measurement targets but could encounter problems when the target has misalignment
along the laser propagation direction. To accommodate possible changes in position

on the axis, a new SHG angle sensor configuration is needed.
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This chapter proposes an optimization of the angle sensor using the SHG
generated by a collimated Fs laser beam instead of a focused Fs laser beam. A
collimated beam is expected to have no significant change in physical properties
during propagation. The Fs laser beam is highly collimated, but a more intense laser
beam is required to generate the second harmonic wave. Therefore, a Keplerian lens
configuration is needed to intensify the laser beam while keeping the beam collimated.
Theoretical calculations are carried out to predict the sensor's performance, and the
feasibility of the angle sensor is confirmed experimentally. In the experiment, the
beams are aligned so that they propagated through the NLO crystal to produce SHG,
where the NLO crystal is mounted on a rotary stage representing the target to be
measured. Since the SHG in the crystal is strongly related to the angle and the
wavelength, the small angular change of the crystal can be directly detected by the
SHG spectrum change in a given wavelength range. The peak of the SHG spectral
evolution as the angular position of the crystal changes is then evaluated to determine
the sensitivity of the angle sensor. Finally, to confirm the feasibility of the
measurement method where the target does not have to be placed in one position,
experiments are carried out at several positions of the NLO crystal along the beam

propagation direction.

5.2 The principle of wavelength-dependent angle sensor with

collimated beam

The principle of wavelength-dependent angle sensor with collimated beam has no
different from the measurement principle in the previous chapter. The optimization
angle sensor is based on SHG, which occurs when an NLO crystal is irradiated with a
laser beam of a certain frequency w producing radiation at twice the initial frequency
of 2w [15,23]. Since the light frequency is inversely proportional to the light wavelength,
the FW having a wavelength A generates a second harmonic wave having a
wavelength A’= A/2. SHG can be employed in angle measurement due to the

birefringence in the uniaxial NLO crystal that divides the laser beam into two different
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rays, the ordinary ray (referred to as the o-ray in the following) and the extraordinary
ray (referred to as the e-ray in the following). Both the rays experience their respective
refractive indices inside the crystal. In a certain condition where the optical path
lengths of these beams are identical inside the crystal, phase-matching occurs, and the
light intensity of the second harmonic wave is maximized. Note that for any given A,
the phase-matching condition could arise in its corresponding matching angle Om,
which can be estimated by following Equation 2.19 in Chapter 2. [14, 24].

Regarding the usage of the NLO crystal in the proposed angle sensor, the NLO
crystal is required to have a large angular dispersion for the wavelength range of an
Fs laser to be employed in the angle sensor. In this study, an Fs laser whose optical
spectrum ranges from 1480 nm to 1640 nm is used. MgO: LiNbO:s is thus one of the
suited crystals that fulfill the requirement because the phase-matching angle of the
crystal within the given wavelengths range shows the large angular dispersion as
explained in Chapter 2 [13,14]. Since Fs laser has a wide range of wavelength, when a
certain wavelength is at a matching angle in which high SHG intensity is achieved due
to high efficiency, other wavelengths in the same angle undergo phase mismatch with
lower intensity. The phase matching and phase mismatch features of the SHG will
appear simultaneously in an optical spectrum analyzer (OSA) in the form of a
spectrum [25]. The phase-matching of other wavelengths can thus be satisfied when
the MgO: LiNbOs crystal experiences angular displacement about its Y-axis. By
utilizing this characteristic, angle measurement can be carried out by monitoring the
peak wavelength of the second harmonic wave.

The performance and measurement trend of the optimization can be estimated
using a similar calculation design in Chapter 3. However, the higher output power of
Fs with different characteristics of the fundamental wave is used in this study and will

be discussed in the next section.

5.3 Experiment design and procedures

In this section, the detailed experiment procedures and results will be discussed.
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Due to the configuration of the angle sensor that is employing the collimated beam as
the laser source, the experimental procedure is divided into two main procedures. First,
light intensification was carried out, followed by the beam output observation at
several observation distances to confirm the collimation of the beam. The fact that the
collimated beam is cannot be realized experimentally, makes the collimation of the
beam is in the approximation scheme when the divergence angle must be as small as
possible. The second experiment was the angular shift detection with the vary of
crystal positions to confirm the feasibility of the measurement method to overcome the

target misalignment problem along the Z-axis.

5.3.1 Beam intensifying setup

Aside from the NLO crystal preference mentioned in Chapter 2, high intensity of
the fundamental wave is required to generate a second harmonic wave with
microwatts to milliwatts power. In the previous work, the Fs laser with relatively low
power is used. Therefore, the focused beam method is applied to gain a higher power
density to generate SHW. This beam intensifying model is less effective since the
combination of the parabolic mirror and nonlinear crystal has the limitation in crystal
size and depth of focus, and restricts the working distance since the crystal must have
been placed in the focal point. Therefore, a collimated fundamental wave whose light
intensity is intensified by reducing the beam diameter is employed to address the
issues. The higher power femtosecond laser (C-Fiber High Power, Menlo System) is
employed in this optimization angle sensor where the specification of this Fs laser is
tabulated in Table. 5.1. Even so, the power density of the new Fs laser is still not
sufficient to generate the second harmonic wave and the reduction of the beam is
conducted. Figure 5.1 shows an example of the optical setup based on the Keplerian
configuration that reduces the beam width. The following relationship can be found

between the initial beam diameter 41 and the expected beam d>:
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=t (5.1)

Where the focal length of the first lens and the second lens are denoted by f1 and f,

respectively with the provision of fi > fo. In this study, the lenses with the focal length

of 150 mm and 75 mm are set as the 1t plano-convex lens and the 2"¢ plano-convex lens

in the experimental configuration.

Table 5.1 Specification of the femtosecond pulse laser source with higher output power

Components Information
Manufacturer Menlo Systems GmbH
Model number C Fiber High Power
Wavelength 1560 nm + 20 nm
Average Power >500 mW
Pulse Width <90 fs
Repetition Rate 100 MHz

Repetition Rate Instability

<1 ppm over 20h at constant temperature

Figure 5.1 A schematic of the setup reducing the collimated beam width with a pair of plano-

convex lenses [26].
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Figure 5.2 Experimental setup of initial beam output observation.

Figure 5.2 shows the schematic experimental setup to observe the initial output of
the Fs laser. Two polarizers are set in place to prevent the beam profiler from being
damaged by the high-power density of the Fs laser. In the experiment, the transmission
axes of the polarizers were set nearly perpendicular so that the beam intensity was low
enough.

The collimation of the beam is still necessary to be checked after the beam
reduction. As a direct technique to verity it, the beam profiler is employed to observe
the beamwidth at various observation distances as well as to confirm the collimation
of the beam. Figure 5.3a exhibits the schematic of experimental setup and Figure 5.3b
displays a photograph of the experimental setup. An evaluation of the beamwidth
against the propagation distance is carried out to determine whether a collimated
beam is formed. Since the ideal collimated beam cannot be realized experimentally, in
this experiment, the beam is considered to be collimated if the divergence angle is in
close proximity to zero degrees. The divergence angle is determined by the arctan
value of the linear fit slope of the beamwidth observation trend and for the case when

the slope is very less, the divergence angle is equivalent to the slope itself.
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Figure 5.3 Experimental setup of beam observation; (a) A schematic of the beam collimation

observation; (b) A photograph of the experimental setup.

5.3.2 Experimental setup of angle measurement

Similar to the experiment in the previous chapter, the angle change in this
experiment is done by rotating the crystal mounted in the rotary stage that represents
the angle shift of the measurement target. The rotary stage is shifted by the given pulse.
In the previous chapter, the pulse-angle shift conversion is calculated by calculating
the pulse with the average value of the rotary stage angle-shift that is separately

observed by the autocollimator. Since the rotary stage movement is not stable and does
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not give the absolute angular displacement of the rotary stage due to the interval pulse

given, the new configuration is proposed.
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Figure 5.4 Experimental setup of wavelength-dependent angle sensor with collimated beam
femtosecond laser; (a) A schematic of proposed angle sensor; (b) A photograph of the
experimental setup [26].

Figure 5.4a shows the experimental setup of the angle sensor with collimated beam

with the a autocollimator installed to check the angular displacement as another
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method to confirm the absolute angular movement of the rotary stage due to the given
pulse, and Figure 5.4b shows the photograph of the experimental setup. As can be seen
in the figure, the initial position of the rotary set is set such that the two indicator lines
on the rotary plate and the surface of the stepping motor controller meet. At this point,
the incident laser is assumed to be perpendicular to the crystal surface. The detection
of the angular displacement was carried out by observing the evolution of the SHG
spectrum with respect to the changes in the angular position of the crystal. The
detection continued by varying the z-position of the crystal. The autocollimator
ensured the angular position of the crystal throughout the entire experiment. The
sensitivity of the angle sensor was determined by concerning the slope of the

measurement trend based on the SHG peaks changing versus respective angle shifts.

5.4 Calculation result

Using the fundamental wave characteristics of the Fs laser, the theoretical
calculation was performed to estimate the SHG characteristic of the angle sensor as
well as to predict the measurement trend of the proposed angle sensor. Figure 5.5
shows the FW spectrum of the Fs laser with a higher power in which the fundamental
power for calculation is extracted. The OSA sensitivity is set to the “MID” setting
during data recording with 500 sampling data within the wavelength range from 1480
nm to 1640 nm.

The calculation result based on the birefringence equation is displayed in the 2D
plot and a 3D plot in Figure 5.6a and Figure 5.6b, respectively. The localized intensities
are found in the figure due to the characteristic of FW where the FW spectrum consists
of peaks and sudden drops of power in several wavelengths. From the result, the
spectral peaks were determined by using the highest intensity method over the change

in angular position of the MgO: LiNbO:s crystal.
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Figure 5.6 The SHG spectra characteristic based on the birefringence calculation result; (a) The
2D plot; (b) The 3D plot.
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The angular displacement calculated based on the change in the spectral peak is
presented in Figure 5.7a; this result estimates the measurement trend. As can be seen
in Figure 5.7b, a sensitivity of 0.00725 arc-second/nm was observed in the most
extended measurement range within the angle range of approximately 6000 arc-
second, while sensitivity of 0.00226 arc-second/nm was observed in the least
measurement range within the angle range of approximately 2000 arc-second, as
shown in Figure 5.7c. Although the calculated yield trendline was not as smooth as the
calculated MgO: LiNbOs phase-matching angle trend line shown in Figure 2.7b of

Chapter 2, but still showed a nearly similar angle-wavelength dependence tendency.
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Figure 5.7 The measurement trendline based on the peak of the calculated SHG; (a) The
undivided measurement trend line; (b) The trendline of the most extended angle range area;
(c) The trendline of the least angle range area.

A close observation of the results shows the presence of the split peaks that causes
the localized SHG intensities and discrepancy of the measurement trend line. For
instance, Figure 5.8 shows one of the split peaks that appeared at the matching angle
of 50.18% The split peak caused two peaks of the SHG spectrum to detect a specific

angle position simultaneously.
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Figure 5.9 (a) The dynamics of phase mismatching for a certain angle; (b) The sinc quadratic

function characteristic due to the dynamics of phase mismatch for a certain angle
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Further analysis of the calculations was carried out to explore the measurement
dynamics. Figure 5.9a shows the dynamics of phase mismatch for certain angle and
Figure 5.9b shows the dynamics of sinc quadratic function. As shown in Figure 5.9a, a
certain angular phase mismatch for a given wavelength established a pattern that
affected the sinc quadratic function in Figure 5.9b. The peaks of sinc quadratic function
gradually narrowed with the increase of angle. Since the sinc quadratic function was
applied to the FW spectrum in Figure 5.5 consisting of peaks and valleys, the second
harmonic wave spectrum was dynamically changed, and the split peaks were

unavoidable.

5.4 Experimental result

5.4.1 Beamwidth evaluation for beam collimation verification

One of the first steps to producing a collimated laser beam is the observation of
the Fs laser output profile. Figure 5.10a shows the profile of the collimated beam light
distribution at its initial condition, which was observed at the cross-sectional Z-axis.
Figure 5.10b shows the X-direction and Y-direction of the cross-sectional profile. The
beam is defined as the 1/e? value of those gaussian-like intensities. The beam width
was evaluated as 2117 um and 2195 um along with the X and Y directions, respectively.
The direct use of the Fs laser with this output is not sufficient to generate the SHW,
thus beam reduction is required.

The reduction of the beam width was successfully carried out using the setup
shown in Figure 5.3. The results presented in Figure 5.11 shows the change in the
beamwidth as the increase in observation distance. As shown in the figure, the X-
direction diameter showed more consistent results than the Y-direction diameter upon
the variation of observation distance. Since the dispersion angle was small at the
observation distance from 10 mm to 140 mm, the produced laser was treated as a
collimated laser beam. The evaluation of this collimated beam is tabulated in Table 5.2.
It is found that the beamwidth from the experiment is smaller than the value estimated

by Equation 5.1, 1058.5 um in the X-direction and 1097.5 um in the Y-direction. This
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discrepancy was due to the initial profile of the Fs laser beam; as the profiler was
positioned farther than the 1%t plano-convex lens, the beam at this position could
experience dispersion resulting in the detection of the profile with a larger diameter.
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Figure 5.10 The initial beam profile of Fs laser; (a) Light intensity distribution; (b) Cross-
sectional profiles of X-axis; (c) Cross-sectional profiles of Y-axis.
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Figure 5.11 The change in beam width as the observation distance increase.
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Table 5.2 The diameter of generated collimated laser beam.

Profile direction Diameter Angle of dispersion
X (921.83+3.00) um 2.53 arc-second
Y (948.70+13.47) pm 44.79 arc-second

Since the proposed angle is wavelength-dependent and based on spectral behavior
identification, the observation of the Fs laser output as the FW is needed. Figure 5.12
shows the spectral characteristics of the initial Fs laser output and the Fs laser output
after the reduction of the beam diameter. The initial Fs laser output had a power
density of 0.35 W/cm?. In contrast, a smaller beam width produced a high-power
intensity with a power density of 19.17 W/cm? Spectrum peaks are identified at several
wavelengths with the highest intensity in the wavelength of 1576 nm. Meanwhile, the

drop of power is identified with the lowest intensity in the wavelength of 1508 nm.
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Figure 5.12 The comparison spectrum of initial Fs laser output and the Fs laser output after
reduction of the beamwidth.

5.4.2 Variation of crystal position for feasibility test angle sensor

In order to confirm the feasibility of the angle sensor optimization, the
measurement characteristics of the angle sensor are identified in several crystal
positions. The performance was validated by observing the characteristic of the

detected FW and second harmonic wave associated with angular change and the
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variation of the crystal position, 30 mm, 50 mm, and 70 mm. The total power
characteristic of FW and SHG will be presented in this section as well.

The observed FW spectrum and SHG spectra in the crystal position of 30 mm from
the 2nd plano-convex lens are presented as a contour graph in Figures 5.13a and 5.13b,
respectively. The SHG spectrum was taken with an interval of 100 pulses for 155 data.
The localized intensity is found in the SHG contour graph in which the highest
intensity is observed at the wavelength of 786.24 nm. The angle position in this area is
assumed as the phase matching angle of the fundamental wavelength of 15572.48 nm.
The localized intensities are also spotted in the other region with lower intensity as can
be seen in the augmented contour graph of Figure 5.13b.

The total power of the FW and SHG spectrum for the crystal position of 30 mm
over the angular displacement is presented in Figures 5.14a and 5.14b, respectively.
The FW total power decreases as the crystal rotates, in which the incident angle of the
laser toward the surface of the crystal increases. Meanwhile, the SHG total power
contour graph shows that the highest total power is generated at an angle position
where the highest SHG intensity is achieved at a wavelength of 786.24 nm.

Figures 5.15a and 5.15b show the observed FW and SHG spectra in the crystal
position of 50 mm. The SHG spectrum was taken with an interval of 100 pulses for 170
data. The localized intensities are found too in the SHG contour graph in which the
highest intensity is observed in the wavelength of 785.28 nm, and the augmented

figure shows another region of localized intensities with lower intensity.
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Figure 5.13 The observed spectrum contour graphs of 30 mm; (a) FW; (b) SHG.
36 4 .
344 3.5k
=
£ 32} Z 3
5 5 25}
= 30p - = 2}
o @]
=28} : ot 221 |
g B 4
E—<O 26} ; Ho 0 -
24} ~
Angular displacement Angular displacement
2000 arc-second/ div. 2000 arc-second/ div.
(a) (b)

Figure 5.14 The observed total power of 30 mm associated with the angular shift; (a) FW; (b)
SHG.
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Figure 5.15 The observed spectrum contour graphs of 50 mm; (a) FW; (b) SHG.
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The total power spectra of FW and SHG for the crystal position of 50 mm with
respect to angular displacement are presented in Figures 5.16a and 5.16b, respectively.
The total power characteristic of FW is different from the experimental result at the
crystal position of 30 mm. It should be noted that the laser spectrum was observed
using a multimode fiber connected to OSA. The multimode fiber is very sensitive to
disturbances such as vibration or accidental contact with surrounding objects. The FW
power intensity results in Figure 5.16a is believed to have such a trendline due to the
external disturbance during the data recording. On the other hand, the SHG total
power in Figure 5.16b has a similar trend with the result at the crystal position of 30
mm, even though it was observed in a wider angular position.

The last crystal position is 70 mm, in which the observation result of the FW and
SHG spectrum is shown in Figures 5.17a and 5.17b, respectively. The spectra were
taken with the interval of 100 pulses for 170 data. The highest intensity is observed in
the wavelength of 785.28 nm, identic with the experiment result of 50 mm. The total
power of FW and SHG spectrum for this crystal position are presented in Figures 5.14a
and 5.14b, respectively and show a similar tendency to other crystal positions.

Those results are not identical, as indicated by the different ranges of power
intensity. However, the characteristics of all observed FW show a similar tendency. On
the other hand, Figures 5.13b, 5.15b, and 5.17b show the observed second harmonic
wave that revealed a different contour profile compared to the calculation result in
Figure 5.6a. It is noticed that there is an inconsistency of FW intensity and second
harmonic wave when the crystal position is changed. Such inconsistencies were
frequently encountered in the use of lasers, especially when re-alignment of the
experimental setup was carried out. A different start point and endpoint of the angle
measurement were observed in the figures because the initial position of the crystal
was manually adjusted as previously mentioned in the experimental procedures
section. However, it did not affect the sensor performance, as is proven by the
measurement trendline that will be explained later. The localized SHG intensity

appeared in all variations of crystal position. The augmented contour graphs give a
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better view of the lower wavelength range area where the localized intensities are also
spotted. Compared to one another, those results have a resemblance in characteristics
and tendencies. It indicates that variations in crystal position along the laser beam
propagation direction had no significant impact on the FW and SHG spectra.

The measurement trendline of all crystal positions will be discussed. The behavior
of the spectral peaks towards the angular movement of the crystal shows the trend line
of the angle sensor measurement. The spectral peak is determined by the highest
spectral intensity for each angular position. Only the linear region is considered to
calculate the measurement sensitivity. Unlike Chapter 4, the centroid method is not
applied to determine the spectral peak in this study due to the presence of the split
peaks in more than one area. The split peak condition leads to the change in the trend
line around the split peak area, which causes the change in measurement sensitivity
as well. As a consequence, the angular resolution considers the resolution of OSA only.

Figure 5.19 shows the measurement trend of the angle sensor, determined by
estimating the SHG peak with respect to the angle transition at the 30 mm crystal
position. As can be seen in Figure 5.19a, the characteristic spectral peaks of the angle
sensor show three measurement trends with different sensitivities. The three different
linear areas can be seen separately in Figures 5.19b, 5.19¢, and 5.19d, where the
measurement sensitivity of 0.00294 nm/arc-second and angle range of 13328.38 arc-

second are achieved in the most extended measurement result.
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Figure 5.19 Angle measurement trend based on the peaks of SHG at the crystal position 30 mm;
(a) the entire measurement trend line; (b) the most extended measurement area; (c) the middle
range measurement area; (d) the least measurement area.
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Figure 5.20 Angle measurement trend based on the peaks of SHG at the crystal position 50 mm;
(a) the entire measurement trend line; (b) the most extended measurement area; (c) the middle
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range measurement area; (d) the least measurement area.

Figure 5.20 shows the measurement trend of the angle sensor at the crystal position
of 50 mm, meanwhile Figure 5.21 shows the measurement trend at the crystal position
of 70 mm. Three different sensitivities are detected as well in both crystal position with

the identical measurement sensitivity in the most extended measurement area for both

crystal position, that is 0.00294 nm/arc-second.
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By considering the SHG peak only, the problem of intensity inconsistency at the

in the theoretical calculation.

Figure 5.21 Angle measurement trend based on the peaks of SHG at the crystal position 70 mm;
(a) the entire measurement trend line; (b) the most extended measurement area; (c) the middle
range measurement area; (d) the least measurement area.

crystal position variations mentioned earlier can be solved. The thorough
measurement trend results from the experiment revealed different measurement
trends compared to calculation results in Figure 5.7. The calculation could not confirm
the measurement trend in the least intensity of localized SHG due to the very low

efficiency in this range, therefore there is only two measurement sensitivity confirmed
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The measurement trends in this study are tabulated in Table 5.3. The most
extended measurement range of all crystal position changes showed identical
sensitivity and resolution. In this area, the measurement target represented by the
crystal position could be placed at any position along the collimated beam propagation
direction. Meanwhile, the intensity was not steady throughout the experiment in areas
with a lesser measurement range, resulting in inconsistent measurement sensitivity.
The angle measurement range of 18998.31 arc-second, 19948.44 arc-second, and
19256.59 arc-second was achieved at the crystal position of 30 mm, 50 mm, and 70 mm,
respectively. It is also noticed in Table 5.3 that the experiment results afforded lower
measurement sensitivity but had wider angle range than that predicted in the
calculation results. Ignoring the optical factor in the calculations was the main cause
of the discrepancy. For example, it is assumed that the laser propagated through the
air before entering the crystal, where the refractive index of the crystal is greater than
that of air. The direction of Fs laser propagation could thus change when it enters the
crystal. However, the difference in the refractive index was not taken into account in
the calculation. The calculation can be modified by considering Snell's law, as has been
reported in Chapter 4 [14]. Even so, Snell's law can only explain changes in the
measurement sensitivity and angle range based on the measurement trend line. It
cannot explain the difference in the contours of the SHG spectrum.

Taking closer identification in the measurement trend line, the split peak was the
main cause of the measurement sensitivity discrepancy, as was shown in the
calculation. Figure 12 displays an exemplification of the split peak. The single peak is
also plotted in the figure for comparison. A split peak of the second harmonic wave
spectrum appeared when the crystal was rotated by 6147.77 arc-second from its initial
position. In contrast, only one peak appeared when the crystal was rotated by 6753.64

arc-secon