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Abstract

The linear and nonlinear absorption of power from a femtosecond laser pulse by a
chemically strengthened glass, Gorilla Glass 2320, has been studied. Laser
irradiation with short pulsed laser results in high-intensity laser interacting with the
sample. As a result, even a transparent material for the given laser wavelength would
undergo optical breakdown. In addition to linear absorption, the optical breakdown
results in nonlinear absorption. Laser power absorption is quantified through the
coefficients of absorption, viz. coefficient of linear absorption and coefficient of
nonlinear absorption. Z-scan technique, being one of the widely adopted and
effective experimental technique for optical characteristics quantification of material,

has been adopted for the determination of these coefficients of absorption.

In the Z-scan technique, to vary the laser beam intensity, a sample is translated along
the axial direction of laser propagation passing through the focal plane. The laser
power transmitted through the sample is recorded and analysed. When a sample is
far away from the focal plane, the irradiated laser beam diameter is large and thus
the laser beam intensity is low. In this low intensity region, the laser power is
absorbed only through linear absorption. In contrast, when the sample is placed at or
near the focal plane the incident laser beam diameter is small and thus the laser beam
intensity is high. As a result of this high laser intensity, the laser power is absorbed

through both linear and nonlinear absorption.




However, existing formulation in the literature of the overall absorption coefficient,
consisting of both linear and nonlinear absorption coefficients, is insufficient to
account for the delineation of the linear and nonlinear absorption regions. Indeed,
there is no consideration of the transition from one region to the other; the units for

the overall, linear and nonlinear coefficients of absorption are also inconsistent.

Here, a new formulation is proposed to account for the transition, and thus the
delineation, between linear and nonlinear absorption. This is achieved through the
introduction of the Nonlinear Absorption Threshold Intensity (NATI), which is
defined as the laser power intensity at which the laser power absorption transits from
linear laser power absorption to nonlinear laser power absorption. With the
introduction of NATI, this formulation has a consistent unit for all the coefficients
of absorption. Over a wide absorption range (linear and nonlinear), analyses
demonstrate that this new formulation can describe the experimental observations

far better than the existing formulation in the literature.

Sample thickness has been an important parameter in the analysis of laser power
absorption using Z-scan technique. In the previous studies, a sample has to be
classified as a “thick” or a “thin” sample based on the Rayleigh length of the lasing
system. Different analytical methods are applicable for either the “thin” or the “thick
sample. There is this implicit assumption that the original spatial laser beam
distribution will remain constant as it traverses a “thin” sample, and may not be for
a thick sample. However, there is no justification provided on this classification if a

sample is “thin” or “thick, nor the validity of the implicit assumption.
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This investigation shows that there is no physical basis for this classification. Indeed,
it demonstrated that even for the so called “thin” sample, the spatial distribution of a
laser beam changes as it traverses the sample thickness due to the nonlinear
absorption of the laser power. The developed analytical approach here, together with
the associated numerical procedure, can account for the changes of the spatial
distribution of the laser beam as it traverses the thickness of the sample; this new

approach can be applied to a sample of any thickness.

For nonlinear absorption, laser power absorption increases nonlinearly and rapidly
with laser power. However, existing methods of analysis ignored the temporal
distribution of laser power within a single pulse. For a proper and rigorous
representation of nonlinear absorption, this temporal variation must be capture for
the computation of the nonlinear absorption coefficient. This investigation has
developed the necessary formulation and associated numerical procedure for this

purpose.

Laser-induced plasma has been reported during laser-material interaction for
different materials irradiated by ultrashort laser pulses. However, the effect of
plasma formation on the study of laser power absorbed by the sample is lacking.
Using high speed imaging, the laser-induced plasma was observed. It has been
determined that the plasma decay time is less than 930 micro-seconds (us). For the
laser system with laser pulse duration of 130 femto-second (fs) and repetition rate of
1 milli-second (ms), this means that there is no laser-induced plasma interaction

between two consecutive laser pulses. However, with the existing experimental
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limitations, laser-induced plasma interaction within the same pulse could not be
ruled. It was further observed that plasma formation was significant at high laser
power intensity; in contrast at low laser power intensity, no/insignificant plasma
formation was observed. Thus, for proper analysis of laser power absorption and
subsequent calculation of absorption coefficient, it is recommended to carry out the
experiments at low power intensity where the effect of plasma formation, and thus

the energy associated with it, can be neglected.

Lastly, the obtained overall nonlinear absorption coefficients were independently
verified through direct observation of temperature field during laser irradiation.
Direct observation of temperature field was conducted using a thermal camera for
in-situ measurements of temperature field during femtosecond laser irradiation of
Gorilla Glass 2320. For the verification of overall absorption coefficients, a
mathematical model for heat transfer during laser irradiation of Gorilla Glass 2320
was developed. The model accounts for femtosecond laser power absorption within
Gorilla Glass 2320. Good correlations were obtained between the measured
temperature fields with the predicted temperature fields as a result of heat energy

absorption obtained through the overall absorption coefficients.
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Chapter 1: Introduction

In this chapter, the background of linear and nonlinear absorptions and their
measurement techniques are introduced. The advantages and disadvantages of the
current techniques are highlighted. The objectives and scopes of this investigation

are outlined. Finally, the structure of this thesis is presented.

1.1 Background

Laser is an effective and a versatile non-contact tool widely used in material
processing, medicine and in research and development. Laser has been used for
cutting, drilling, welding, and modifications of materials [1], and the processing of

polymers [2, 3], metal [4-6], and glasses [7, 8], etc.

For different lasers, laser pulse time duration varies from infinite time to a few atto-
second (as) [9, 10]. Infinite time duration lasers are continuous lasers; in contrast,
lasers with finite time duration are known as pulsed lasers. Pulsed lasers can be
further classified into long pulsed laser, short pulsed laser and ultrashort pulsed lasers

based on the thermalization time [11].

Laser-material interaction commences with the absorption of laser photons by the
substrate’s electrons. When a laser photon is absorbed by an electron it will induce
a thermodynamic non-equilibrium state. To regain the thermodynamic equilibrium
state, the excited electrons must transfer their excess energy to the phonons or other
electrons. This energy transfer process is called thermalization. The time in which

this transfer of energy occurs is known as the thermalization time.
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If the laser pulse duration is greater than the thermalization time of a material, the
laser is classified as a long pulse laser. Conversely, if the laser pulse duration is
shorter but comparable to the thermalization time, it is a short pulse laser; if the laser
pulse duration is very much shorter than the thermalization time, then the laser is an
ultrashort pulse laser. Usually a pulsed laser with laser pulse duration less than 1 ps

is an ultrashort pulse laser [12].

In the linear absorption regime, for the laser energy to be absorbed by a material, the
photon energy must be equal or greater than the material’s band gap energy [13].
However, if the laser power intensity is sufficiently high, multiple photons can be
simultaneously absorbed by the material through nonlinear absorption. For nonlinear
absorption to occur, the combined energy of multiple photons must exceed the
material’s band gap energy. There are different absorption mechanisms for nonlinear
absorption, viz. multiphoton ionization, tunnelling ionization and/or avalanche

ionization. These mechanisms will be outlined in section 2.2.2.

The resulting absorption can be quantitatively defined in terms of the overall

absorption coefficient consisting of both linear and nonlinear absorptions as [14, 15]:

a(l) =a+pI (1-1)

a(1) is the laser-intensity-dependent overall coefficient, « is the coefficient of linear
absorption and p is the coefficient of nonlinear absorption. Hitherto, Equation (1-1)

is the accepted representation to account for both linear and nonlinear absorptions.
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Many optical characterization techniques have been developed over the years for
optical material characterization. Optical Kerr Gate technique, Wave-mixing
technique and Z-scan technique are some of the popular optical characterization
techniques. Z-scan technique, developed by Mansoor Sheik-Bahae et al. [14, 15] in
the 1990s, is the most widely used technique due to its simplicity and accuracy [16].
Many variations of the Z-scan technique have been developed for nonlinear optical

characterization of materials [16].

Nonlinear optical characterization of liquids [17-20], polymers [21-25], glasses [26-
30], semiconductors [31-34] and organic materials [35-37] have been studied
quantitatively. Due to its simplicity and accuracy, Z-scan technique is the most
widely used nonlinear characterization technique [16]. The original Z-scan technique
and its different variations have been widely adopted for the study of optical
nonlinear properties of different materials [17-19, 22, 24, 25, 27-30, 33-35, 37-48].
Some of the variations of the original single Gaussian beam Z-scan technique include
Elliptic Z-scan (EZ-scan) [40], Z-scan using a top-hat beam [18] instead of a
Gaussian beam, two colour single beam Z-scan technique [44], reflection Z-scan for
the measurement of surface optical properties [43] and eclipsed Z-scan technique

[45].
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1.2 Motivation

Ultrashort pulsed lasers have a diverse scope of material processing for different
materials [49-55]. The short time duration of an ultrashort pulse of a laser leads to
high peak power intensity. As a result, not only opaque, [56-60] but also transparent
materials for a given laser wavelength can be processed using an ultrashort pulsed
laser. Ultrashort pulsed lasers have been used in the processing polymers [61-63]
and glasses [64-66]. During the processing of materials with an ultrashort pulsed
laser, the heat-affected zone is minute in contrast to a long-pulsed laser [67-69]. As

such, an ultrashort pulsed laser is capable of precise processing of materials [70].

For any material processing, the key parameter is the absorption of the laser energy.
For ultrashort pulses, nonlinear absorption mechanism could well be dominant. It
has been established that the nonlinear optical property of any material can only be

instigated when the intensity of the incoming laser beam is sufficiently high.

The Z-scan technique relies on translating the sample to and away from (and passing
through) the focal plane (discussed below in section 2.5). The intensity at different
position will be different due to its different focusing (or defocusing) laser beam spot
diameter. Far away from the focal plan and at low intensity, the only prominent mode
of absorption is linear absorption. In contrast, at and around the focal plane with a
small focusing laser spot and sufficiently high laser intensity, linear and nonlinear
absorptions can occur but with nonlinear absorption being the dominant mode of
absorption. As such, two distinct regions of absorption exist, namely (a) only linear

absorption away from the focal plane and, (b) both linear and nonlinear absorptions
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at and around the focal plane. In between these two regions, there is a transition

region where both linear and nonlinear absorptions could well be equally important.

Indeed, to obtain the absorption coefficients, analyses and interpretation of the Z-
scan experimental results are necessary. Hitherto, all these analyses rely
fundamentally on equation (1-1) 1 for the definition of the overall absorption
coefficient. It describes the change in the absorption of a material with laser intensity
(1) as an independent variable. However, hitherto equation (1-1) have been used in
the analyses without consideration of the delineation and/or transition between the
linear absorption region and the dominant nonlinear absorption region. Indeed,
equation (1-1) implicitly assumes that nonlinear absorption will always occurs; this
is not exactly correct as there must be a threshold laser intensity below which there
is only linear absorption. In addition, the formulation as stated in equation (1-1) does
not have a consistent unit between the absorption coefficients; the unit of nonlinear
absorption coefficient g is different, and therefore inconsistent, with the unit of linear

and overall coefficient of absorption.

One of the requirements for the analyses of the experimental results obtained from
the Z-scan technique or its variations is that the analytical methods must be based on
either a “thin” sample approximation [14, 15, 19, 20, 22-24, 27-29, 33, 42, 44, 71]
or a “thick” sample approximation [39, 46, 72-74]. Different analytical methods have
been developed depending if the sample is “thick” [46, 72-74] or “thin” [32, 39, 40,

42].
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A sample is classified as “thick” if its thickness is greater than the Rayleigh length
of the lasing system; conversely the sample is “thin” if its thickness is less than the
Rayleigh length. However, there is no justification provided on the classification if
a sample is “thin” or “thick” based on the Rayleigh length. Indeed, as Rayleigh length
is related to the laser and its optical system for an appreciation of the focusing depth,
the physical rationale to employ Rayleigh length for the delineation of the sample

thickness into “thin” or “thick” is not at all obvious or appropriate.

In the existing analyses of the Z-scan results, there is this added implicit assumption
that the original spatial laser beam distribution will remain constant as it traverses a
“thin” sample. However, nonlinear absorption is a strong function of the laser
intensity. As an example, if the laser beam has a Gaussian beam distribution, the
intensity at the centreline of the beam will be much higher than its perimeter, and
much more laser power will be absorbed at the vicinity of the centreline. The power
intensity along the centreline will be depressed quickly as compared to the beam’s
perimeter; as such, the spatial distribution of the laser beam will change as it
traverses the sample. Thus, it is not entirely certain if this implicit assumption is
appropriate even for a “thin” sample as there is no examination of the validity of this

assumption.

When the peak power intensity of the laser beam is high, the material will be ablated,
and the ablated plume interacts with an incoming laser beam to form plasma. Plasma
can be induced by a nanosecond laser, a picosecond laser, or a femtosecond laser.

For a nanosecond or picosecond laser pulse, the interaction is complex [75] as the
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laser-induced plasma has enough time to grow. In contrast, a femtosecond laser pulse
has very little time for the growth of the plasma. Due to the shorter pulse duration of
a femtosecond laser compared to other lasers, a femtosecond laser has a higher
efficiency of turning ejected fumes into plasma [76]. Different Z-scan measurement
techniques have been adopted for the characterization of nonlinear optical properties
of materials using nanosecond lasers [18, 39], picosecond lasers [22, 24, 27] and
femtosecond lasers [19, 37, 47, 48]. However, there is little attention on the effects

of plasma formation, in particular for absorption coefficient determination.

For a holistic and rigorous study of absorption, both linear and nonlinear absorption
and their delineation and transition have to be considered. Previous studies by our
group has shown that in copper, silicon, or steel, more than 50%, 66.7%, and 67%
respectively of the total incident laser energy was deposited into the materials [77-
79]. However, all these materials were not transparent for the employed laser with a
wavelength of A=775 nm. Our group has also studied polystyrene and demonstrated
that significant heat deposition occurs during femtosecond laser irradiation [63].
However, polystyrene is almost fully transparent at the laser wavelength of A=795
nm. It would be of interest to employ a different material which is not fully
transparent or opaque to the wavelength of the employed laser. A good material
candidate for this investigation is Gorilla Glass 2320, a chemically strengthened

glass. It is semi-transparent for the employed laser with a wavelength A=775 nm.
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1.3 Objective

Using Gorilla Glass 2320 as the model material, the objectives of this investigation

on femtosecond laser material-interactions can be summarised as:

1. To examine the appropriateness of the existing overall absorption coefficient
equation, and if a new formulation and the associated analyses can be
developed to address the shortcomings of the existing equation. The new
formulation and analyses are to address the delineation and transition
between purely linear absorption region and the nonlinear absorption
dominated region.

2. To examine the validity and necessity of having Rayleigh length to classify
if a sample is “thin” or “thick” in the analyses of the experimental results of
the Z-scan technique, and the validity of the implicit assumption that the laser
beam spatial distribution remain constant as it traverses a “thin” sample.

3. To investigate the effects of laser-induced plasma formation on absorption
characterization during ultrashort pulsed laser irradiation.

4. To independent verify the determined absorption coefficients by correlating
the experimentally measure temperature fields with the predicted
temperature fields as a result of heat energy absorption obtained through the

overall absorption coefficients.
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1.4 Scopes

The scopes of the investigation are:

1. To determine the nonlinear absorption threshold intensity, the linear,
nonlinear and overall absorption coefficients during femtosecond laser
irradiation of glass using the Z-scan technique.

2. To examine the absorption characteristic of the sample in the Z-scan
technique for the determination of the appropriateness of using the Rayleigh
length to classify the sample thickness.

3. To observe the laser-induced plasma and to determine the plasma decay time
and/or duration, and its effect on laser power absorption.

4. To simulate thermal heating during femtosecond laser irradiation through the
use of the determined overall absorption coefficient.

5. To correlate the observed temperature field with the simulated temperature
field for an independent verification of the determined linear, nonlinear and

overall absorption coefficients and nonlinear absorption threshold intensity.

1.5 Organization of the thesis

e Chapter 1 introduces the overall structure of the thesis, with objectives and
scopes of the investigation outlined.

e The fundamentals of the laser-material interaction are discussed in Chapter
2. Previous work on nonlinear absorption using ultrashort pulsed laser is

reviewed. Limitations of the previous investigations are highlighted. Thermal
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effects arising during the interaction of ultrashort pulsed laser with materials
are reviewed.

In Chapter 3, the research methodology is introduced. Experimental setup
and experimental protocol adopted for the open aperture Z-scan experiment,
plasma observation and the direct thermal observation during laser irradiation
with an ultrashort pulsed laser are presented.

Chapter 4 presents a new formulation for the overall absorption coefficient
with the introduction of the nonlinear absorption threshold intensity. The
mathematical model developed and the numerical procedures adopted to
solve the mathematical model are described. The experimental absorption
results are correlated with the simulated absorption results to determine the
linear, nonlinear and overall coefficients of absorption and the nonlinear
absorption threshold intensity. Simulated absorption power using the existing
conventional formulation of the overall absorption coefficient is compared
with the proposed overall absorption coefficient. The necessity and
appropriateness on the classification of a sample as “thick™ or “thin” based
on the Rayleigh length for the Z-scan analysis are examined and discussed.
The intensity decay of the laser beam within the material as a result of the
nonlinear absorption is analyzed.

In Chapter 5, direct observation of the laser-induced plasma is studied
through high-speed imaging. The necessity of having an optical filter is

discussed along with the criterion for the choice of the optical filter. An
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attempt is made for the determination of the duration and/or decay time of
the laser-induced plasma. The laser-induced plasma is observed at different
z-locations in the Z-scan technique at different laser power levels.

In Chapter 6, direct observation of the temperature field during femtosecond
laser irradiation of glass is conducted. A mathematical model, using the
proposed overall absorption coefficient and the nonlinear absorption
threshold intensity, for the thermal heat transport is developed and solved
using COMSOL Multiphysics. The observed and the simulated temperature
fields are correlated to provide an independent verification and accuracy
assessment on the determined values of coefficients of absorption and the
nonlinear absorption threshold intensity.

In Chapter 7, the conclusions reached are highlighted. Recommendations are

provided for future work.
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Laser is the abbreviation for ‘Light amplification of stimulated emission of radiation’.
Laser is a coherent beam of photons at a wavelength which can be optically focused.
Laser has been used for cutting, drilling, welding, and modifications of materials [1],

and the processing of polymers [2, 3], metal [4-6], and glasses [7, 8], etc.

Laser is an effective, versatile non-contact tool with small or negligible heat affected
zones for material processing. As a result, laser machining is one of the widely used
techniques for material processing. Different types of lasers are available for material
processing. In terms of mode of operation, lasers can be classified as a continuous-
wave (CW) lasers and a pulsed laser. In a CW operated laser, the laser is
continuously pumped, and the output laser is also continuous. In contrast, in pulsed
mode operation of laser, the output is a periodic pulse laser. Compared to CW laser,
a pulsed laser can be used for precision machining. Undesirable effects like heat
affected zone can be minimized, and sharp contours can be achieved with a short

pulsed laser [8].

2.1 Short pulse laser

To understand how a pulsed laser can be classified as a short pulsed laser, it is
essential to have knowledge on laser interaction. Basically, it consists of four
processes (@) carrier excitation, (b) thermalization, (c) carrier removal and (d)
thermal and structural effects [12]. Photon energy absorbed during laser irradiation

will induce electronic non-equilibrium thermodynamic state. To regain
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thermodynamic equilibrium, energy of electron transfers to either phonon or other
electrons at a lower state. The process of an excited electron transfering excess
energy to phonon or other electron is called thermalization [12]. The time in which
thermalization occurs is the thermalization time. After thermalization, electron and
lattice will be in the same temperature; nonetheless there will still be excess free
electrons compared to the initial state of the material. These excess free electrons
either diffuse out of the excited region or recombine with holes leading to carrier
removal. Eventually, the thermal energy dissipates into the substrate through thermal
and structural effects and changes. Carrier removal and the thermal and structural
effects resulting in electron returning to its original energy state is called relaxation
[12]. The time in which relaxation is realized is the relaxation time. Figure 2-1 shows
the electron-phonon processes that occur after photon absorption with the timescale
of each process completion in crystalline GaAs, amorphous GaAs and thin films

amorphous GeSb [12].

-38 -



Chapter 2: Literature review
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Figure 2-1: Timescale of various electron and lattice processes in semiconductor

interaction, green bar shows characteristics time of each process [12]

With the distinction of thermalization time and relaxation time, laser can be
classified in terms of laser pulse duration with respect to thermalization time. If the
pulse of a laser is shorter than or comparable to the material thermalization time, the
laser can be considered as a short pulsed laser for the material; otherwise the laser is

considered as a long pulsed laser.

Figure 2-1 indicates that in general, the overall thermalization time is around 1 ps,
carrier-carrier thermalization time is between ~10 fs to ~100 fs, and carrier-phonon
scattering occurs within ~200 fs to ~1 ps. In this case, if the laser pulse duration is
shorter than 1 ps then the laser is considered a short pulsed laser. Thus, in general,
short pulsed lasers refer to a class of lasers whose pulse duration is less than a few

picoseconds.
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2.2 Absorption

Laser material interaction commences with the absorption of the irradiated photon
by the target. The nature of interaction of the irradiated laser beam depends on the
combination of laser parameters — wavelength, pulse duration, and intensity [80].
For laser wavelengths in infrared or visible spectrum, absorption mechanisms are
different for metals, semiconductors and dielectric materials such as glasses or
polymers [1]. The absorption can be either linear absorption or non-linear absorption.
For optically opaque material, linear absorption occurs at long pulse and low power
intensity. The absorption may shift to nonlinear absorption with a short and high
intensity laser pulse. For optically transparent media, nonlinear absorption will be

dominant through laser induced optical breakdown of material.

2.2.1 Linear absorption

As indicated earlier, linear absorption takes place for optically opaque material for
long pulse (e.g. continuous wave lasers or for lasers with pulse width in nanometres
range) and low power intensity lasers. The absorption takes place only when the

photon energy is greater than or equal to the material’s band gap given as [80]:

=>E

g (2-1)

p

Where E, is the energy of the photon and Eq is the band gap energy of the material.
Band gap energy is defined as the difference in energy level between the valance
band and the conduction band of a material. The energy of the photon is defined as

[80]
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E, = hv (2-2)

where h is the Planck constant (6.62606957x103*Js), and v the frequency.

The intensity of laser decays along the direction parallel to the laser beam axis. The
decay rate is determined by the material’s absorption coefficient a. o is a function of
laser wavelength and substrate temperature. However, for an assumed constant value
of a, the decay in intensity can be described by the Beer-Lambert Law [80]

1(z) =1,e%* (2-3)

where 1(z) is the laser intensity at depth z, a the absorption coefficient and I, the
incident intensity.
The optical penetration or absorption depth can be defined as [80]

d =1/a (2-4)

Which is the depth at which the intensity of the transmitted light drops to 1/e of its

initial value at the interface.

2.2.2 Nonlinear absorption

Nonlinear optics is the study of modification in properties of the optical medium in
the presence of light, which include the study of nonlinear absorption. The optical
phenomenon that occurs at high intensity is “nonlinear” in the sense that material

properties change nonlinearly with a change in intensity.
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Normally in an optically transparent medium, in non-UV spectra, focused
femtosecond laser pulses have low photon energy to be linearly absorbed [11]. In
such a material, laser-induced breakdown must occur for absorption. Typically, the
intensity of light must be sufficiently intense for an optical medium to undergo
nonlinear changes. Table 2-1 shows the optical breakdown intensities for some given
materials. It should be noted the threshold intensities for optical breakdown is in the

range of 10 W/cm?2.

Table 2-1: Threshold Intensities for optical breakdown [13]

Material Intensities (W/cm?)
Glass (2.8 +0.4) x 10"
Magnesium fluoride (1.5+0.4) x 10"
Sapphire (1.3 +0.4) x 108
Fused silica (1.0 £ 0.4) x 102

This sufficiently high intensity for nonlinear interaction can be achieved typically
only with a laser. Among lasers, during short-pulsed laser irradiation, the time of
releasing the total pulse energy is short (less than few picoseconds); as a result, short-
pulsed lasers have very high peak intensity. For example, a 1 kHz repetition rate
Gaussian beam profile laser with 1.5 W average power output and pulse duration of
130 fs (FWHM) has a peak intensity of 3.3 x 10'® W/cm?. Therefore, during short
pulsed laser irradiation, nonlinear optical phenomenon is prominent. The laser-
induced breakdown occurs by nonlinear absorption processes such as avalanche

photoionization or avalanche ionization [11] .
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Photoionization

Multiphoton ionization occurs by simultaneous absorption of multiple photons by an
electron at the valance band [1, 11]. An optically transparent material can be directly
ionized in a strong laser field by multiple photon absorption. The process is

schematically shown in Figure 2-2(a).

b
Conduction
Band
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Figure 2-2 : Schematic diagram of (a) multiphoton ionization process ionizing by
simultaneous absorption of m photons (b) tunnelling (c) avalanche ionization

[11]
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A valance electron with ionization potential or band gap energy (Eg) can be lifted to

the conduction band absorbing ‘m’ photons of photon energy ‘hf’ such that [11]

mhf = E, (2-5)

Multiphoton ionization is significant in low laser intensities and high frequencies. In
contrast, tunnelling is the cause of nonlinear absorption at high laser intensities and
low frequencies [11]. Tunnelling effect is schematically shown in Figure 2-2(b). The
strong laser field distorts the band structure of the material and reduces the band gap
or potential barrier. In this case, quantum tunnelling takes place where direct transfer
of electron from a valance band to a conduction band occurs. Multiphoton ionization

and tunnelling ionization can be described by the Kedlysh parameter [11]:

r_ [ MeCneyEy, (2'6)
14 e I

Where w is the laser frequency, e the fundamental electron charge, me the effective
mass of an electron, ¢ the speed of light, n linear refractive index of media, &
absolute permittivity of free space and | the laser intensity at the focus. If y’ is much
greater or less than 1.5, quantum tunnelling photoionization dominates. For y* ~ 1.5,
photoionization is the combination of multiphoton ionization and quantum

tunnelling [11].
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Avalanche lonization

When linear absorption is not possible in an optically transparent medium, the
valance band electron has band gap energy greater than the laser photon energy. In
this case the valance band electron does not absorb the photon energy. However, in
a real material, there are always some free electrons from metallic impurities, lattice
imperfections (vacancies, interstitials) [81] , thermally excited impurities or other
photoionization process. These free electrons or electrons in the conduction band are
the seeds for avalanche ionization [1, 11]. The free electrons can absorb several laser
photons. This absorption of energy will result in an increase in conduction band
electrons’ energy. The difference between the excited electron energy and the
minimum energy state of the conduction band can be more than the band gap energy
of an atom. In this case, the excited hot electron can impact with the electron in the
valance band which can result in at least two electrons in the conduction band as
shown in Figure 2-2(c). These electrons can further undergo sequential absorption
of laser photon and cause further ionization. This process repeats itself until there is
an avalanche of electrons where free electron density grows exponentially [1, 11].
When enough electrons are ionized, “critical density” plasma is formed. The plasma

transforms the optically transparent material into an absorbing material.

Critical density of electron for nanosecond or longer pulse laser is in the range of
10'® cm. For a shorter pulse duration laser, the critical plasma density for laser

wavelength defined in cgs unit is given as [1]
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mew? (2-7)

4me?

n. =

Where me is the mass of the electron and w is the laser frequency. This is the critical
density at which the plasma oscillation frequency equals to the laser frequency and

the material becomes absorbing.

2.2.3 Summary

Any laser whose pulse width is less than the thermalization time can be considered
as a short-pulsed laser for the material. When employing a short-pulsed laser, the
laser power intensity is very high. The laser energy is absorbed by electron(s) in the
material in time less than a few picoseconds, with insufficient time for thermalization.
As a result, in addition to linear absorption, there will be nonlinear absorption of the
laser power by the material. Therefore, not only non-transparent material, but also

transparent materials can be processed using a short-pulsed laser.

2.3 Optical polarization

“Nonlinear optical phenomenon” is a rather broad term. Different nonlinear
processes such as second harmonic generation, sum frequency generation, difference
frequency mixing, optical rectification, single-photon nonlinear absorption, two-
photon nonlinear absorption, self-phase modulation optical Kerr effect, cross-phase
modulation optical Kerr effect and many other processes might occur during laser
interaction. However, to better understand nonlinear absorption, it should be

differentiated from other nonlinear processes.
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2.3.1 Polarization formulation

For a better understanding of the nonlinear optical phenomenon, polarization

pm (t)of an optical medium for a given electric field lz“(t) must be defined. The
polarization of an optical medium is defined as the dipole moment per unit volume
which is proportional to the strength of the incident electric field. The n-order

polarization [82] can be defined as:

B(t) = e,y ME (1) (2-8)

where ¢, is the absolute permittivity of vacuum and y™is a dimensionless
proportionality constant known as n"-order optical susceptibility. Optical
susceptibilities are complex tensors that relate electric field’s strength and frequency

to strength and direction of induced polarization.

First order, second order, third order, and higher order nonlinear polarization can be

defined in terms of higher order electric field as [82]:
PO(t) = e, WE(®)
P@(t) = e,y DE2(t)
(2-9)

PO(t) = e, xPE3 (1)

2™ is n-order optical susceptibilities (n =1, 2, 3, ...). The total polarization can thus

be defined as the sum of all polarization orders as [82]:
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P(t) = PO() + PA() + PO(L) + - (2-10)

The total polarization can be defined in terms of electric field and optical

susceptibilities by substituting equation (2-9) into equation (2-10) [82]:

B(t) =¢, [Xu)g(t) + @B + y @B + ] (2-11)

2.3.2 Characteristics of n-th order polarization

The linear polarization P (¢) is responsible for the linear optical properties of the
material, namely linear absorption and linear refraction [82]. Higher order
polarizations are responsible for nonlinear optical properties. Distinct optical
nonlinearities arise from different order polarization. For example, second order
polarization is responsible for nonlinear properties like second harmonic generation,
sum frequency generation, difference frequency mixing and optical rectification [16,
83]. For third order polarization, nonlinear processes including but not limited to
single-photon nonlinear absorption, two-photon nonlinear absorption, self-phase

modulation optical Kerr effect, and cross-phase modulation optical Kerr effect [83].

Polarization changes sign when the optical electric field is reversed. In a material
with inversion symmetry, the polarization induced is equal but opposite as the
electric field is reversed. As a result, the net polarization is zero. Therefore, second-
order polarization cannot occur in materials with inversion symmetry [82]. In fact,

in materials that shows inversion symmetry, all the even-ordered susceptibilities
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vanish. The effect of polarization due to even-ordered polarization is nonexistent
[82]. Therefore, in an isotropic medium such as glasses, the nonlinearity is caused
by third order or odd higher-ordered polarization [84, 85]. As such, in this
investigation on a chemically strengthened glass, second order polarization and other
even-ordered polarization can be neglected. The lowest order nonlinear polarization

that gives rise to nonlinearity in the glass is, therefore, the third order polarization.

Higher order nonlinear processes can be addressed as the cascade process of lower
order nonlinear processes [86]. Cascading of third-order susceptibilities y®): y®
has been reported to act as effective fifth-order susceptibility [87]. As the cascade
process of lower order suceptitibilites can be effectively act as higher order
suceptibilites, higher order polorization may be neglected. As such, only first-order
polarization and third-order polarization will be considered in this investigation. By
ignoring even-ordered suceptibilities and cascading higher-order odd-ordered

suceptibilites, the polarization equation can be written as:

B(t) = &, [xVE® + xPE (1) (2-12)

2.3.3 Absorption and refraction with respect to polarizaiton

First-order polarization would give rise to linear optical properties and third-order
polarization would be responsible for higher order or nonlinear optical properties. It
has been described earlier that susceptibilities are complex tensors. The real part of

susceptibilities is proportional to the refractive index whereas the imaginary part of
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susceptibilities is proportional to the absorption coefficient. When only first-order
susceptibilities and third-order susceptibilities are considered, the overall refractive
index n and overall absorption coefficient « (already discussed in Chapter 1, equation

(1-1)) can be written as [15, 84, 85]:
n(l) =n, +vyI (2-13)

a(l)=a+ pI (1-1)

where no, and oo are linear refractive index and linear absorption coefficient
respectively arising from first-ordered polarization; n1 and a1 are nonlinear refractive
index and nonlinear absorption coefficient respectively arising from third order
polarization; | is irradiated laser intensity. The nonlinear refractive index n: and
nonlinear absorption coefficient a1 can be described in terms of third-order

susceptibilities y® as [15, 85]:

_3Re[x®] (2-14)
4e,cn?

_BaIm[x®] (2-15)
~ 2g,c%n?

Where w and c are the laser frequency and the speed of light respectively.
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2.4 Nonlinear optical characterization techniques

Many optical characterization techniques have been studied over the years for optical
material characterization. Different techniques have been developed for different
material. In this section, some of the common nonlinear optical characterization

techniques will be reviewed.

2.4.1 Optical Kerr gate technique

Kerr effect is the change in optical refractive index in the presence of an electrical
field. Kerr effect is responsible for nonlinear optical effects like self-focusing and
self-phase modulation. Indeed, the study of nonlinearity in a material started when
Kerr-effect was recognized in 1969 AD [88]. Optical Kerr effects has been studied
in liquids [89, 90] , glasses [91] and semiconductors [92]. However, using Kerr
gating technique for the measurement of nonlinearity, the background signal/noise

is large for long-lived samples [93], which usually is the case.

2.4.2 Wave-mixing technique

Forward four-wave mixing (FWM) technique is the most common form of wave-
mixing technique employed for nonlinear optical characterization. In FWM, lights
of three frequencies fi, f> and f3 are incident on the target material. These three
frequencies interact in a nonlinear medium to produce a new wavelength of light at
frequency fs4 [94]. Two common forms of FWM are sum and different frequency
generation. In sum frequency generation, the three fields are input and the output is
a new high frequency field at the sum of the three input frequencies. In difference

frequency generation, the typical output is the sum of two minus the third.
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FWM has been used as the main technique for the characterization of an optical
medium [82, 95]. FWM can be used for the characterization of any media from gases,
liquids and solids [82]. Semiconductors nonlinear properties are mostly studied using
FWM [96, 97]. However, in the already complicated experimental setup while using
FWM technique, the experimentation requires highly stable laser beam intensity for
the proper characterization of an optical material. This is the major disadvantage of

the FWM technique [98].

2.4.3 Z-scan technique

The Z-scan technique is performed by inserting a sample and translating it along the
direction of laser propagation and through the laser’s focal plane. The Z-scan
involves tightly focusing a single Gaussian laser beam into a thin sample [15]. The
transmittance changes are observed in the far-field. In the far-field, the diffraction
pattern as a result of nonlinear interaction is measured with/without an aperture. The
result is a characteristic peak and valley as the sample is scanned through the beam
waist. Through analysis of these characteristic peak and valley, the nonlinear
coefficients can be determined. Since the first formulation of the Z-scan technique
in 1990 [14, 15], many variations [18, 38, 41, 44] of the Z-scan technique have been

developed.
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2.5 Z-scan technique

First described in 1989 by Mansoor Sheik-Bahae et al. [14, 15], the Z-scan technique
allowed the direct measurement of nonlinear refraction and nonlinear absorption. As
indicated in the previous section, the Z-scan technique is conducted by inserting and
translating the sample along the direction of laser propagation and through the laser’s

focal plane.

2.5.1 Original Z-scan technique

The Z-scan technique proposed by Mansoor Sheik-Bahae et al. [14, 15] was based
on spatial beam distortion as a result of optical nonlinearities as the beam propagates
through a material. A single Gaussian laser beam in a tightly focus geometry was
used. The transmitted laser beam power through a nonlinear medium was measured
with or without a finite aperture in the far-field. With a use of a finite aperture the
coefficient of nonlinear refraction could be inferred by plotting the transmitted power
as a function of sample position with respect to the focus plane. The Z-scan
experiment using a finite aperture is called the “closed aperture” Z-scan technique.
In contrast, in the absence of an aperture, the coefficient of nonlinear absorption
could be inferred by plotting the transmitted power as a function of the sample
position. The Z-scan experiment without the use of aperture is called the “open

aperture” Z-scan technique.

2.5.1.1 Closed aperture Z-scan technique
Figure 2-3 shows the schematic diagram of a closed aperture Z-scan technique for

the determination of nonlinear refraction.
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Figure 2-3 : Schematic Z-scan setup in which normalized transmission (ratio of
power detected by detector D2 to power detected by reference detector D1) is

recorded as function of sample position z [15].

Mansoor Sheik-Bahae et al. [15] explains the technique by assuming a material with
a negative nonlinear refractive index for a thin sample. A thin sample infers that the
sample thickness is less than the diffraction length of the focused beam which will
act as a lens with variable focal length. It should be noted that in Figure 2-3, the
power detected by D2 is going through an aperture. As the Z-scan is initiated with
sample far away from the focal plane (negative z), the intensity of the beam is low
with small refractive index; there is negligible change in the normalized
transmittance (D2/D1). However, as the sample approaches the focal plane, the beam
intensity increases leading to self-focusing in the sample. A negative self-lensing
prior to focus will collimate the beam. This causes a beam narrowing at the aperture
resulting in an increase in the measured transmittance at D2, and thus an increase in

the normalized transmission. As the scan in z continues, the sample translates past
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the focal plane to the right (positive z). The same self-defocusing increases the beam
divergence, leading to beam broadening at the aperture, and thus a decrease in
transmittance. This technique of using an aperture to restrict the amount of power
reaching D2 in Figure 2-3 based on collimating or diverging of beam is called the
“closed aperture” Z-scan technique. This technique is employed for the
determination of nonlinear refractive index. Figure 2-4(a) shows a normalized

transmission as a function of z-position in the “closed” aperture Z-scan technique.

2.5.1.2 Open aperture Z-scan technique

For the determination of nonlinear absorption coefficient, the same experimental
setup is used but with a wide-open aperture (see Figure 2-3). This arrangement
allows all the transmitted laser power to be detected by detector D2 irrespective of
the changes caused by nonlinear refraction. As such, changes detected in detector
D2 will account for changes due to nonlinear absorption only. The experimental
setup for the determination of nonlinear absorption is termed as the “open aperture”
Z-scan technique. Figure 2-4(b) shows a normalized transmission as a function of z-

position in the “open” aperture Z-scan technique.
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Figure 2-4: (a) Normalized transmission as a function of z-position in closed
aperture Z-scan technique, (b) Normalized transmission as a function of z-

position in open aperture Z-scan technique [42]

2.5.1.3 Z-scan formulation
As indicated earlier in section 3.3.3 (above), the coefficients of nonlinear absorption
and nonlinear refraction are represented in [15] as mentioned earlier in equation

(2-13) and equation (1-1) as:

n(l) =n,+yl (2-13)

a(l) = a + BI (1-1)

Where n(l) and «(l) are the refraction coefficient and overall absorption coefficient

respectively, with n, and y the linear and nonlinear coefficient of refraction
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respectively, and a and S the linear absorption coefficient and nonlinear absorption

coefficient respectively. | is the intensity of radiated laser energy.

Slow varying envelop approximation was employed by Mansoor Sheik-Bahae et al.
[15] to define the governing equation for the change in intensity (1) and the change

in phase shift (A¢) as:

dAp (2-16)
1 An(Dk
dr (2-17)
FEr —a(DI

Where k = 2/ is the wave vector, and An(I) and a(I) are the overall refractive

index and overall absorption coefficient respectively.

Equation (2-16) and equation (2-17) were solved for the case of cubic nonlinearity

and negligible nonlinear absorption to obtain the phase shift at the exit surface as [15]

2r? 2-18
Ap(z,r,t) = Ap,(z,t) exp <—W+(Z)> ( )
With,
AD )
Ag,(z,t) = (2 (2-19)
1+
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Here, z, = kw,?/2 is the Rayleigh length of a laser beam with w, as the beam
diameter at the focal plane, and A®(t) is the on-axis phase shift at the focal plane

defined as [15]

AD(t) = kAny(t)Less (2-20)

Where L.¢r = (1 — e~*") /a is the effective length with L as the sample length, and
a the linear absorption coefficient. An,(t) = yI,(t) is the change in overall
nonlinear refractive index at any given time t with Io(t) being the on-axis focal

irradiance.

With the determination of phase shift, the normalized transmission power was

calculated as [15]:

I Pr(Ag, (D) dt (2-21)
S ffooo Pi(t)dt

T(z) =

Where PT(Aqu (t)) is the instantaneous power transmitted through the aperture, S =
2
1—exp(— %‘) is the aperture linear transmittance with ra and wa the radius of

aperture and beam diameter at the aperture respectively. P;(t) = nw?21,(t)/2 is the

instantaneous power input within the sample.

For an aperture linear transmittance of 0.01, the normalized transmission in the far-
field is shown in Figure 2-5 with a constant on-axis phase shift with respect to time.

It has been noted [15] that the valley-peak was as expected for positive nonlinearity
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and peak-valley for negative nonlinearity. The magnitude of normalized

transmittance does not depend on the wavelength or geometry [15].

1.08

Ad,=1025

2

Normalized Transmittance
P —
g 3

0.92 —1 1 i
-8 -3 0 3 8

Figure 2-5: Calculated normalized transmission with on-axis phase shift of £
0.25 with small aperture of S=0.01 as a function of z-position in term of unit

Rayleigh Length, z, [15].

For the calculation of nonlinear absorption with the “open” aperture Z-scan
technique, equation (2-16) and equation (2-17) were solved with free-carrier effects
(refractive and absorptive) neglected for obtaining the irradiance and phase shift at

the exit surface as [15]:
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I(z,r,t)exp (—al) (2-22)
1+q(zr,t)

L(z,11t) =

Az, ) = %ln[l + (D] (2-23)

where q(z,1,t) = BI(z,1,t)L.rr. Again, B is the nonlinear absorption coefficient, y
is the nonlinear refractive coefficient, and k = 27” is the wave vector. The normalized

transmitted power was then calculated with open aperture i.e. S=1, as [15]:

(2-24)

T(z,S=1) 1+q,(z,0)exp (—72)]dt

1 (o]
" V4,2 0) j_wln [

Nonlinear absorptive coefficient can be easily deduced from the normalized
transmittance energy in an open aperture configuration because the system is
insensitive to phase change [15] . Knowing the nonlinear absorption coefficient, the
nonlinear refractive coefficient can be then calculated [15]. Figure 2-6 shows the
normalized transmittance of ZnSe using laser central wavelength of A=532 nmin an

open aperture configuration.
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Figure 2-6: Normalized Z-scan transmittance of ZnSe measured using
picosecond laser pulse at =532 nm with open aperture i.e. S=1, solid line

represent the theoretical analysis, dots are experimentally obtained results [15]

Mansoor Sheik-Bahae et al. [15] used 2.7 mm thickness ZnSe for experimental
verification. A frequency doubled Nd-YAG laser with a pulse duration of 27 ps
(FWHM) at 532 nm had been employed. The diffraction length (n.zo) was reported
to be approximately four times the sample thickness. As such, the thin sample
approximation is applicable for their analysis. Using the technique developed, the
nonlinear absorption coefficient for ZnSe was determined to be 5.8 x 10-° cm/W and
the nonlinear refractive index was determined to be 6.8 x 10° cm?GW. The

technique is sensitive to less than A/300 nonlinearity induced phase distortion [15].
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2.5.1.4 Variations of Z-scan technique

Many variations of the Z-scan technique have been studied subsequently. Some of
the variations of the original single Gaussian beam Z-scan technique include Elliptic
Z-scan (EZ-scan) [40], Z-scan using a top-hat beam [18] instead of Gaussian beam,
two colour single beam Z-scan technique [44], reflection Z-scan for measurement of

surface optical properties [43] and eclipsed Z-scan technique [45].

The Z-scan technique has been employed to study the nonlinearity of different
materials. Nonlinear optical characterization of liquids [17-20], polymers [21-25],
glasses[26-30], semiconductors [31-34] and organic materials [35-37] have been

studied using the single beam Z-scan technique or its variation.

Qi et al. [45] studied the nonlinear refractive index of methanol and ethanol using
single beam time-resolved eclipsed Z-scan technique. A Ti-sapphire laser with
central wavelength at 785 nm, average power of 605 mW, pulse duration of 150 fs
(FWHM) and 76 MHz repetition rate was employed for the experiment. The aperture
linear transmission (S) of 0.92 was used for the experiment. The measured nonlinear
refractive index for methanol and ethanol were reported to be 2.04x10%¢ cm?/W and
1.72 x1071% cm?/W respectively. However, the nonlinear absorption coefficient for

ethanol and methanol has not been reported.

Cassano et al. [24] investigated third order nonlinear optical properties for three
alkoxy-substituted poly(p-phenylenevinylene) (PPV), namely: poly[2,5-bis(2-

methylbutoxy)-1,4-phenylenevinylene] (DMB-PPV), poly[2,5-bis(octyloxy)-1,4-
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phenylenevinylene] (DOO-PPV) and poly[2,15-dioxabicyclo[14.2.2]icosa-
1(19),16(20),17-trien-17,19-ylenevinylene] (bridged dialkoxy (BDA)-PPV)). A
single beam Z-scan experiment was performed using Q-switched, mode-locked
Nd3+:YAG (yttrium aluminium garnet) laser with central wavelength at 1064 nm,
pulse energy 20 mJ, pulse duration of 35 fs (FWHM) and 10 Hz repetition rate. Table
2-2 summarizes the observed nonlinear refraction coefficient (n2) and nonlinear

absorption coefficient (az).

Table 2-2: Nonlinear coefficients value for different alkoxy-substituted PPV [24]

Sample n2 (10712 cm?/W) a2 (107° cm/W)
DMB-PPV —4+1 355+9
DOO-PPV —0.8+0.2 14 +3
BDA-PPV -04+£0.1 9+2

Smektala et al. [27] investigated the nonlinear properties of chalcogenide glasses.
Binary glasses in the [Ge—Se] system, As2Ss and AszSes glasses, as well as ternary
glasses in the [Ge—Se—As] system were characterized using the Z-scan technique. A
Q-switched mode-locked Nd-Yag laser with central wavelength at 1064 nm, average
power between 1 uW to 100 uW, pulse duration of 45 ps (FWHM) and 10 Hz
repetition rate was employed for the experiment. Table 2-3 summarizes the observed
nonlinear refraction coefficient (n2) and nonlinear absorption coefficient (o2) for

different chalcogenide glasses.
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Table 2-3: Nonlinear coefficients value for different chalcogenide glasses [27]

Sample N2 (10718 m2/W) a2 (107° cm/W)
Ge1oSego 15 1.8
Ge20Seso 13 1.8
GezoSero 21 1.1
Ge10ASs10Seso 22 2.7
Ge10As20Ser 14 3.1
Ge1sAS10Se7s 12 2.6

Although Z-scan is a highly effective and efficient technique for measuring the
nonlinearities of materials, it is not without any limitations. Experimental conditions
must be controlled carefully otherwise the observed results may not represent the
true nonlinearity of material [42]. As the Z-scan technique relies on analysing a laser
beam’s far field distortion, it is particularly important to know the laser beam profile.
Without a proper knowledge of the beam profile, the observed results will not be
accurate [42]. Another important factor to consider for a proper study of the
nonlinearities of material is sample thickness. In general, thin sample is employed
with sample thickness less than the Rayleigh length, zr [42]. Sample properties,
namely, imperfections in sample and sample surface roughness also affect the Z-scan
observation. A rough sample or imperfection in the sample diverging or reflecting
the incoming laser beam will contribute to error in the observed transmission. This
might lead to misleading values of optical nonlinearities [42]. Other factors that
influences the result of the Z-scan technique include aperture size and aperture

alignment [42], which affect only the nonlinear refractive index studies. Aperture
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size influences the sensitivity in the observed far-field transmission. Therefore, pin-
hole approximation of aperture (S=0.01, i.e. 1% linear transmittance) is advisable
for good correlation between numerical and analytical results of the observed
transmission. Aperture alignment is also important for the study of nonlinear
refractive index as Gaussian beam approximation is used for single beam Z-scan
measurement. The beam concentration is high at the axis of transmission; therefore,
a misaligned aperture would again give false reading. To properly align the aperture,
pinhole aperture is translated in x and y direction in low irradiance regime (i.e. linear
regime or far from the tight focus) to obtain a maximum signal at the detector [42].
Limitations pertaining to laser beam profile, aperture size and aperture alignment
have been mitigated through proper planning of an experiment. Careful
consideration has been given on choosing sample thickness. In the literature, it can
be observed that most of the analyses conducted is limited to thin sample
approximation [14, 15, 19, 20, 22-24, 27-29, 33, 42, 44, 71]. The Z-scan analysis for
thin media is based on the theory developed by Mansoor Sheik-Bahae et al. [14, 15].
Hitherto, all the examples discussed are based on thin sample analysis. There are
different theoretical and experimental analyses conducted for thick samples [39, 46,

72-74].

Chapple et al. [39] performed the Z-scan studies on carbon disulphide (CS>) using a
Nd:YAG laser with 6.5 ns pulse duration on different sample thickness. The aperture
linear transmission of 0.013 was used. Figure 2-7 shows the theoretical curves

obtained from the numerical calculations correlated with the Z-scan observations.
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Figure 2-7 : Z-scan for different sample thickness of CS, fitted with theoretical

curve from the numerical solution [39]

The theoretical curves obtained through numerical calculation were obtained through
least-squares fitting of Z-scan data with £ as independent variable. g is defined
through an expression that relates to the difference between the maximum and the

minimum normalized transmission AT given as [39]

AT = 0.203|B| (2-25)

o“r

Where

B = 2kyl,z,n? (2-26)
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lo is the on-axis laser power irradiation at the focal plane, | is the sample length, no is
R . . 2T - .
the linear refractive index, k = 7” IS vacuum wave number, y relates to nonlinear

refractive index and z is the Rayleigh length of the beam.
In [39] the normalized transmission T(f,z) was defined as a third-order polynomial
in g

T(B,z) =1+ P,(2)B + P,(z2)p? + P;(2)B3 (2-27)

Where Pn(z) are the coefficients calculated through a least-square fitting with the

observed Z-scan.

A modified normalized transmission T"(8,z) was also defiened to account for the
different levels of power used (i.e. low, medium and high) during data acquition.
This was carried out by multiplying the polynomilal coefficient in equation (2-27)

by (1 —r"), such that [39]

T*(B,2) =1+ P(2)(1—=71)B+P,(2)(1 —r>)B? + P3(z)(1 —r®)B3>  (2-28)

Using equation (2-27) and equation (2-28), the effective normalized transmission

was obtained as [39]

= T (Bo, 2)B(t)dt
T o®) =g ar
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_ , K o (2-29

T*(Bo 2) = 1+P1(Z)(1—T)%+Pz(2)(1—Tz)f/§ +P3(Z)(1—r3)37 (2:29)
Where

2 2-30

80 = oo~ 55 (&30

B, 1s the value of S at the peak irradiance and 7 is the pulse duration.

Table 2-4 shows the values of nonlinear refractive index calculated through the
method of least-square fitting and that calculated through the analytical theory
method defined in [73]. Chapple et al. [39] concluded that the difference between
the maximum and minimum normalized transmission can be significantly increase
by increasing the effective sample length beyond the effective length as described

by Mansoor Sheik-Bahae et al. [15] as l.;f = 3.1 1,2,

Table 2-4: Values of y calculated through the least-square fitting method and through

analytical theory [39]

Sample Peak Irradiance (102 W/m?) v (108 m?/W) v (108 m?/w)
length(mm) High | Medium Low [Equation (2-29)] [Analytical
Theory]
20 9.9 - 1.7 3.42 3.75
20 - 4.0 1.7 3.47 3.63
10 10.2 - 1.8 3.60 3.92
10 - 4.0 1.8 3.43 3.59
5 11.3 - 1.8 3.63 4.11
5 - 4.1 1.8 3.66 3.88
2 9.7 - 2.2 3.89 4.28
1 9.4 - 1.7 3.67 3.87
Average 3.60 3.88
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Zang et al. [46] presented a theoretical analysis for thick material. In the analysis, a
thick medium with nonlinear absorption and nonlinear refraction is analysed using a
Gaussian decomposition method treating the medium as a distributed lens model for
a Gaussian beam. In their analysis, the coupling of nonlinear refraction and nonlinear

absorption is accounted for.

Zang et al. [46] consider a thick medium as a stack of multi-layers thin material.
They start with the normalized transmittance for thin film with a small on-axis shift,
in the absence of absorption as defined in [14], to get the normalized transmittance

for a thick nonlinear material as:

n
4AQ,;x;
_— 1—[ 14— Doi L
L (xf+D(xfF+9)

(2-31)

N i 400 ,;x;
~PIL G DG
i=

Where A@,; = kAn,(t)L; = AQg(t)Ax;, ADR(t) = kAn,(t)z, with L; being the
thickness of the in layer and, k and An,(t) are vacuum wave number and
instantaneous on-axis change in refractive index. Also is x; = z;/z, with z, as
Rayleigh length of Laser beam and z; the z-position of the in layer. With limit n —
oo, the thickness of the in layer, L; — 0; the normalized transmission in equation

(2-31) then takes the form [46]:
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([0 + D% + 1] x (2 + 9)) 0RO (2-32)
B {[(x +D2+9] x (x2 + 1)}

Here l = L/z, and L is the thickness of the medium.

For higher power regime, an approximate correlation factor, Cy(t) , was introduced

[46]:

[AQR (D] N [Ag (O] (2-33)
4 16

Cp(t) = APR(t) + tanh (é) X

To include the correlation factor in the higher power regime, the normalized

transmission could be then written by substituting A@g(t) in equation (2-32) as

[+ D? + 1] x (x% +9)) O (2-34)
I+ D249 x (x2+1)
Equation (2-34) represents the transmittance with a purely non-absorptive medium

during closed aperture Z-scan measurements.

In a similar fashion, by considering a thick material as a stacked of multi-layers of
thin material, the normalized transmittance in the presence of nonlinear absorption
was calculated in [46] as:

1 (2-35)

T' = 1
1+ 7Cq (t)[tan=1(x + 1) — tan~1(x)]

Here C,(t) is a new correlation function given as [46]:
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Ca(8) = Qr(D) X (1 +tanh () x {“i’g(” + [A‘Z’R8<t>] }) (2-36)

Where Qx(t) = BI,(t)z, , B being the two-photon absorption coefficient.

With the determination of the far field transmittance for a purely refractive medium
(represented by equation (2-34)) and a purely absorptive medium (represented by

equation (2-35)

, the far-field transmittance when nonlinear absorption and nonlinear refraction are

present simultaneously can then be written as [46]
T=TxT' (2-37)

Figure 2-8 shows the numerical and analytical solutions for the method developed
by Zang et al. [46]. They also compared their investigation with other analyses of
thick material [72, 73] of closed aperture Z-scan, see Figure 2-8. It has to be
highlighted here that they only conducted the theoretical analysis without any
experimental analysis and validation. During the formulation, the thick sample is
considered as a stack of thin samples, however, the coupling of the nonlinearities
between the sample is neglected. As such, although not specified explicitly, the
evolution of the laser beam profile due to nonlinear absorption as the laser beam
passes through the material is not accounted, thus, inherently assuming the beam

profile remains intact as the beam propagates through different layers.
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Figure 2-8 : Closed-aperture z-scan curve, with nonlinear phase shift A@; = 0.5

and sample length [ = L=e (a) numerical solution [46] , (b) analytical solution

Zo

[46], (c) analytical solution [72] (d) analytic solution [73]

Wang et al. [74] investigated the nonlinear absorption of thick (1.2 mm) polystyrene
(PS) samples. Similar approach, as adopted by Zang et al. [46], of treating a thick
sample as a stack of thin sample was adopted. A Ti-sapphire laser with central
wavelength at 795 nm, pulse duration of 130 fs (FWHM) and 1000 Hz repetition rate
was employed for the experiment. With beam waist diameter of 30 um, the Rayleigh
length z,, was calculated to be 0.889 mm; effectively making a 1.2 mm PS sample a
thick sample. Linear photon absorption spectra of PS is shown in Figure 2-9 [74].
With linear absorption at 795 nm wavelength negligible as shown in Figure 2-9,
coefficient of linear absorption was considered negligible (@ = 0). As such, only
nonlinear absorption coefficient was considered for the analysis of the nonlinearity

in a thick PS medium.
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Figure 2-9: Linear photon absorption spectra of PS [74].

Different average power of 5.2 mW, 10.4 mW, 14.4 mW and 23.5 mW were used
for the investigation of nonlinear absorption coefficient. The coefficient of nonlinear
absorption for polystyrene was determined to be 0.000695 m/W with a standard
deviation of 0.000026 m/W. Figure 2-10 shows the experimental data and
theoretically analysed normalized transmittance curve for open aperture Z-scan
technique using different power levels [74]. Similar to the work presented by Zang
et al. [46], the evolution of the laser beam profile as it propagates through the

material has not been considered.
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Normalized transmittance

Figure 2-10: Normalized transmittance curve for open aperture z-scan technique
with power at (a) 5.2 mW, (b) 10.4 mW, (c) 14.4 mW and (d) 23.5 mW [74]

(black dots are experimental data and red line is theoretically analysed curve)

2.5.2 Unresolved issues in nonlinear absorption and Z-scan technique

Since the pioneering work proposed by Mansoor Sheik-Bahae et al. [14, 15], the Z-
scan technique has been widely adopted for the characterization of materials. In this
investigation, the primary focus is on characterization of absorptions, therefore,

characterization of refraction will not be further discussed.
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In all the work for the characterization of absorption by a material, equation (1-1)
has been used to describe the coefficient of absorption. It is evident from the Z-scan
experimental results reported that there are two distinct regions of absorption, i.e.
nonlinear absorption near the focal plane of the laser where the laser intensity is high,
and linear absorption far away from the focal where the laser intensity is low. As
such, there must be a threshold intensity experienced by the material which
delineated the region of linear absorption from the region of nonlinear absorption.

Surprisingly, there is no discussion in literature on this threshold intensity.

Without this threshold intensity, when equation (1-1) is used for the calculation of
the overall absorption coefficient, there will always be contribution from the
coefficient of nonlinear absorption, even in the region of linear absorption only. This

does not seem to be appropriate, and further investigation is justified.

In addition, as stated in equation (1-1), the unit of the coefficient of linear absorption
(cm™) and the unit of the coefficient of nonlinear absorption (cm/W) are different.
Ideally, as both are coefficients of absorption, they should have the same consistent
unit. A different formulation for the overall absorption coefficient should be

explored to resolve this lack of unit consistency for the coefficients of absorption.

While using the Z-scan technique, the sample is either classified as a “thin” sample
or a “thick” sample by comparing the sample thickness with the Rayleigh length.
Generally, the Z-scan studies are only carried out with thin sample experimentally.

Some analyses have been reported for “thick” sample by approximating it as a stack
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“thin” sample. However, the Rayleigh length has its origin for the description of a
laser beam quality. There is a lack of theoretical basis for using it to classify the
thickness of a sample. The necessity or appropriateness for the use of this
classification has not been elucidated. There is a necessity to examine the necessity
or appropriateness of classifying a sample as either a “thin” sample or a “thick”
sample based on the Rayleigh length. In addition, nonlinear absorption is strongly
dependent on the laser intensity. The implicit assumption of a “thin” sample of
having the same absorption mode and characteristic throughout the whole sample

thickness might not be justified.

During high intensity laser irradiation, it is evident from the literature, that the laser
beam undergoes nonlinear absorption within the sample. Most of the investigations
in the literature, including the pioneering work by Mansoor Sheik-Bahae et al. [14,
15] on which other investigations are based, use Gaussian distribution of laser beam
in temporal time step and spatial direction. For a Gaussian distribution, the intensity
of the laser beam at different spatial position at different time is different. Nonlinear
absorption is an intensity dependent phenomenon. As such, the nonlinear absorption
of the laser beam by the material will be different at different beam positions at
different time, with the absorption especially pronounced at high laser intensity, i.e.
generally near the axial region of the beam. Therefore, the beam distribution profile
as the laser beam enters the material will evolve, with the peak intensity at the beam
axis depressed relatively to other location. The distribution of the beam intensity will

not remain as the same as the original distribution. However, hitherto there are no
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investigations to be found in the literature on the beam distribution profile within the
material and at the exit surface of the material in comparison with the entry

distribution.

2.6 Optical breakdown and ablation

Micromachining processes like cutting and drilling with short pulsed laser occur
through removal of material. This material removal takes place through ablation. The
removed material interacts with the incoming laser beam to produce plasma. In this

section, laser ablation and the plasma induced by laser will be reviewed.

2.6.1 Laser ablation of material

Ablation is a multi-step process. The target material first absorbs the laser energy,
which can either be linear or nonlinear [1]. The next step of laser ablation is the
breakdown of the material. The breakdown occurs with transformation of material
into either a liquid or a vapor. The vapor drifts away and removes itself directly; the

melted liquid in the interaction region is expelled by the recoil action.

For opaque material, linear absorption is dominant at long or continuous pulse,
whereas at ultrashort pulse width, nonlinear absorption is dominant. Hence, laser
absorption depends on laser intensity, and the pulse width of the laser [1]. For an
optically transparent material at a given laser wavelength, nonlinear absorption is the

only dominant mechanism for absorption.
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Nolte et al. [99] described two regimes for the ablation process, both depend
logarithmically on the laser fluence. For a low laser fluence, the ablation depth is

described as:

=n(Q) e
a

a
th

Where a is the absorption coefficient, @ is the laser fluence and @%, is the ablation
threshold fluence [99]. (Note: - The term ‘@’ in @F;, is merely a notation but not the

power raised to the ablation threshold fluence).

For increasing laser fluence, the ablation depth can be described as

() e
D

Where | is the thermal diffusion depth at the higher laser fluence and @, is the higher
abltation threshold at the higher laser fluence [99]. (Note- Similarly, here ‘I’ in @,

is merely a notation but not the power raised to the ablation threshold fluence.)

The thermal diffusion depth can be estimated as [100]

Iy \/kT,, (2-40)

Where k is the thermal diffusivity of material and z,, is the laser pulse duration. For

a given material, assuming homogeneity, the thermal diffusivity is constant. Thus,
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from equation (2-40), it can be observed that with decreasing laser pulse duration,

the thermal diffusion depth also decreases.
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Figure 2-11: Ablation depth per pulse for copper with varying laser fluence. The
solid line represents the ablation depth at low fluence region (described by
equation (2-38)) whereas the dashed line represents the ablation depth at higher

fluence region (described by equation (2-39)). In lower fluence region, threshold

fluence @3, = 140:71_12 whereas, the threshold fluence for high fluence region

|- mj
@k, = 460 — [99]

Cheng et al. [101] studied the single-pulse drilling with a 10 ps pulse duration laser
at 1024 nm central wavelength on gold, aluminium and titanium alloys used in
industrial application. Using a 780 nm laser with pulse duration of 150 fs and

repetition rate of 1 kHz, Ostendorf et al. [102] studied the influence of the laser
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fluence on the ablation rate on copper and silicon. Their investigations [101, 102]

support the two regimes ablation processes.

For ultrafast laser processing of material, optical and thermal properties, and many
other factors have effects on ablation [100]. However, the laser pulse duration is the

most important factor determining the ablation [103, 104].

2.6.2 Laser-induced plasma

Plasma, often considered as the fourth state of matter, is a hot ionized gas with
approximately equal positively charged ions and negatively charged electrons.
Different studies on plasma induced during laser material interaction have been

reported in [76, 105-107].

In a transparent material, the ionization potential of a bound electron is greater than
the laser photon energy. In this case, typically, the bound electrons do not absorb the
incoming laser photon. Laser energy absorption via electron and subsequent
ionization (and plasma formation) may occur via two mechanisms depending on the

strength of laser field intensity:

(@) For low laser field intensity: In any given material, there are always

impurities which provide seed electrons from ionization. These seed
electrons may come from metallic ions, thermal or linear optical ionization
of low energy levels of inclusions [1]. A free electron in a laser electric field
cannot absorb laser energy. However, free electrons can absorb laser energy

when it collides with the bound electrons and the lattice through dephasing;

-80 -



Chapter 2: Literature review

this is a Joule heating process known as inverse Bremsstrahlung [1]. The seed
electrons then get accelerated. A sufficiently accelerated seed electron when
collides with a bound electron can transfer its energy to the bound electron
resulting in ionization. This collision will result in two free electrons with
low kinetic energy. This is the process of impact ionization. Similarly, two
free electrons can collide with other bound electrons in a similar fashion
giving rise to more free electrons through impact ionization. As a result free
electron density grows exponentially. When enough bound electrons are

ionized, a plasma is created with a critical plasma density.

At a given pulse-width, breakdown can be observed only when the laser field
strength exceeds a threshold. This threshold is taken as the laser fluence
threshold expressed as a function of pulse-width [1]. Only when the laser
field strength is greater than the laser fluence threshold, the plasma density
increases above the critical value where irreversible breakdown takes place.
For a short-pulsed laser, the critical plasma density, n., is given as [1]

mew? (2-41)
e = Yre?

Here, m, is the electron mass, w is the laser frequency. At this critical
plasma density, the plasma oscillation frequency equals the laser frequency,
and the material becomes completely opaque [1]. For transparent materials

in visible or near infrared region, the critical density n.~102%! cm™3.
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(b) For high laser field intensity: High laser intensity can be obtained with

ultrashort-pulsed lasers. In this case, seed electrons are not required to ionize
the bound electrons. As long as the sum of photon energy absorbed exceeds
the ionization potential or bandgap, the bound electrons of the transparent

material can be directly ionized through multiphoton ionization.

Zheng et al. [76] compared the ablation plumes during nanosecond pulse machining
and femtosecond pulse machining of a stainless steel. It was concluded that
nanosecond pulses produced higher concentration of low-energy ions and low-
charge-state electrons compared to femtosecond pulses. However, the femtosecond
pulses produced well defined plasma even at lower fluences compared to nanosecond
pulses. It has been concluded that femtosecond laser pulses are more efficient at
producing high-charge-state electrons and high-energy ions. They also concluded
that for both, nanosecond and femtosecond laser pulses, significant percentage of the
ablated plumes are at a neutral state. This signifies that only a small fraction of the

ablated plumes is converted into high-charge-state.

In nanosecond and picosecond laser pulses the interaction is complex [75]. In these
cases, the laser-induced plasma has enough time to grow. However, for femtosecond
pulses, the plasma has little time to grow. The plasma formed during laser irradiation
has an effect on ablation quality and efficiency [100]. This effect has a strong
dependence on laser fluence. Plasma shielding occurs for the next incoming laser

pulse in low and moderate fluence. Thus, the plasma absorbs some fraction of the
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incoming laser beam. However, increasing the laser fluence yields plasma

transparent to light [100].

Different studies on the laser-induced plasma in aluminium (at A = 780 nm) [76],
silicon (at A = 616 nm) [105], lithium manganese oxide (LiMn204) (at A = 248 nm)
[106], and copper (at A = 800 nm) [107] have been reported in the literature. These

materials were opaque for the laser wavelength used.

It is well established that during ultrashort pulse irradiation, the material is ablated,
and plasma can be induced by the laser. However, investigations on the laser-induced
plasma for a transparent glass seem to be lacking. In particular, although the Z-scan
technique is a widely adopted technique for the study of nonlinear behaviour of
materials during short pulsed laser irradiation, no study can be found on the effect of
the plasma formed during the short-pulsed laser irradiation of material while

employing the Z-scan technique.

As such, a study on the laser-induced plasma, its evolution and decay for a
transparent material like glass, will be beneficial. A suitable tool for the study of the
ultrashort pulsed laser-induced plasma in glass could be high-speed imaging. Indeed,
high-speed imaging has been employed for the investigations of related areas such

as the study of plasma arc cutting [108] and in combustion research [109] etc.

2.7 Thermography

Thermography is a convenient, non-contact method for temperature measurements

over a large area based on electromagnetic waves. Use correctly, it can provide
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accurate temperature measurements with little distortion or interference on the

temperature of an object being measured.

2.7.1 Fundamentals of thermography

The visible, ultraviolet and infrared radiations are electromagnetic waves. Figure
2-12 (a) gives an overview of the different types of electromagnetic waves with their
characteristic frequency and wavelength. For infrared thermography, only a small
range (between 0.9 um to 14 um) of the infrared spectrum is used, see Figure 2-12(b).
This range can be further divided into short-wave (SW) between 0.9 um to 1.7 pm
wavelength, medium-wave (MW) between 3 um - 5 um wavelength and long-wave

(LW) between 7 pum - 14 um wavelength.
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Figure 2-12: (a) Different types of electromagnetic waves with their respective
frequency and wavelength. (b) Thermal infrared region showing short-wave (SW),
medium-wave (MW) and long-wave (LW) infrared region with their respective

wavelength in micro-meter [110].
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Thermal radiation is the most important process in thermography. All matters above
the absolute zero temperature (i.e. 0 K) emit electromagnetic radiation. The amount
of radiation emitted as a function of wavelength is a function of the temperature and
emissivity of the body. Thus, the amount of radiation can be directly correlated to

the temperature of the body if the emissivity of the body is known.

For infrared thermography, a convenient concept is a “blackbody” indicating an ideal

thermal surface satisfying the following conditions [111]:

e A blackbody can absorb all the incident radiation, regardless of direction and
wavelength;

e No other body can emit more radiation than a black body for any given
temperature and wavelength;

e The radiation emitted by a black body depends on the wavelength but not on

the direction of the radiance.

A blackbody serves as a standard body for the study of thermal radiation, and thus
thermography, as they are perfect absorber and perfect emitter [110]. Inreal practice,
the non-perfect behaviour of a material can be characterized by its emissivity.
Emissivity is defined as the ratio of radiance power of a material to the radiance
power of a black body at the same temperature [111]:

10 (2-42)
NG)
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Here, (T) is the power radiance of a real body at temperature T and @o(T) is the

power radiance of a blackbody at the same temperature T.

A useful concept is the spectral exitance, which is the total radiant power into the
hemisphere of a black body at a given temperature T, in wavelength interval (2,

At+dAr), given as [111]:

2mhe? 1 (2-43)
5 hc dA

eAkT — 1

where h = 6.626 x10° is the Planks constant, ¢ = 2.998 x 108 m/s is the speed of
light in vacuum, A is the wavelength of radiation and T is the temperature of the black
body in Kelvin. Figure 2-13 shows the spectra of a black body at various

temperatures.

The respective radiance, L(T), can be written as [111]:

Ly(T) =

My(T) (2-44)
T
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Figure 2-13 : Radiance of black body at different temperature. The rainbow
colouring denotes the visible light range. Discontinuous red line passes the

maximum radiance for different temperature [110].

From Figure 2-13, which shows the radiance of a black body at different temperature,

a number of conclusions can be drawn [110] :

e Emission spectra is continuous,

e For any given wavelength the radiance increases with an increase in
temperature,

e Spectral region emission depends on temperature. Higher the temperature
shorter is the wavelength of emission, and lower the temperature longer is

the wavelength of emission.
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The maximum peak of radiance can be determined by differentiating equation (2-44)
with respect to wavelength and equating it to zero. From this, Wien’s displacement

law can be derived as [111]:

AmaxT = 2879.8 ym. K (2-45)

Here Amax IS the wavelength at which the radiance is a maximum at any given

temperature T.

The emissive power of a black body radiation can be related to the temperature of
the blackbody by Stefan-Boltzmann law. Stefan-Boltzmann law states that the total
radiance power emitted by a black body per unit surface area for all wavelengths per
unit time is proportional to the fourth power of the surface temperature of the black

body and is written as [111]:

E =oT* (2-46)

where ¢ = 5.67 X 108 Wm2K™ is Stefan’s constant. For any real body, the Stefan-

Boltzmann law is written by introducing the surface emissivity of a body, €, as [111]

E = eoT* (2-47)

Here ¢ is the surface emissivity of a real body as defined by equation (2-42).
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The emission of any object can be determined using the surface emissivity (€) and
temperature (T), which can be described using Planck’s Law, Wien’s Displacement

Law and Stefan-Boltzmann Law.

2.7.2 Applications of thermography in ultrashort pulsed laser irradiation

As discussed earlier, thermography is a convenient, non-contact method for
temperature measurements. It can provide accurate temperature measurements with
little distortion or interference on the temperature of an object being measured.
Therefore, thermography can be a useful tool for the study of heat absorption by the
material during laser irradiation through the proper interpretation of the obtained

temperature field.

It had been a popular belief that there is no or negligible heat deposition into the bulk
of a material during ultrashort pulsed laser irradiation [112, 113]. However, it has
been shown that in copper, silicon, or steel, more than 50%, 66.7%, and 67%
respectively of the total incident laser energy was deposited into the materials [77-
79]. All these materials were not transparent at a given laser wavelength of A = 775
nm. For transparent polystyrene, at a laser wavelength of A = 795 nm, it was shown
that significant heat deposition occurs during femtosecond laser irradiation [63]. All
the observations for temperature distribution in [63, 77-79] were achieved using

thermography.

This, thermography can be used to study the thermal effect induced by a femtosecond

laser and its subsequent heat conduction after laser power absorption in both a
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transparent or a non-transparent material. It will be appropriate to explore here the
use of thermography to register the temperature fields of a sample, and to correlate
these temperature fields with the calculated temperature fields derived from the

determined coefficients of absorption.
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Chapter 3: Methodology

3.1 Introduction

To understand the short-pulsed laser interaction with a chemically strengthened glass
during laser processing, nonlinear absorption must be considered. Here in this
chapter, equipment and methods employed during the study of interactions will be

discussed.

3.2 Laser system

Femtosecond laser system Quantronix Integra-C 1.0 has been employed. It is a Ti:
Sapphire amplifier system. It uses Calmar’s Q-Light PM as seed laser and Darwin
527-40-M, an Nd: YFL rod laser, as a pump laser. Chirp pulse amplification is
employed to produce the output laser pulse. It employs both regenerative
amplification and multi-pass amplification; specifically, it uses two-pass

amplification. Specification of the output laser is listed in Table 3-1.

Table 3-1: Integra-C 1.0 specification

Repetition rate 1.0 kHz

Central wavelength 795 nm £ 10 nm
Energy per pulse 1.5mJ

Pulse width (FWHM) <130fs

Beam Size (Gauss fit FW 1/e2 M) 7 mm

Obijective focal length 163 mm

Beam waist at focus (Diameter) 30 um
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3.3 Z-scan technique

The z-scan technique can be employed as an effective and efficient method for the
study of nonlinear absorption and nonlinear refraction [16]. In this study, the
standard open-aperture Z-scan technique [14, 15] has been employed for the
experimental investigation, albeit with a slight variation. The limit of z-translation,
positive z distance and negative z distance, has been increased from the
recommended value of £ 5zr (Rayleigh length) [14, 15]; this is to allow for an
accurate analysis of the linear absorption region in addition to the nonlinear

absorption region.

As discussed in the previous chapter, transmission power through the sample can be
interpreted for the study of nonlinear absorption and nonlinear refraction. In this
section the equipment used, experimental setup and experimental procedure

employed for the study of nonlinear absorption will be elaborated.

3.3.1 Material and devices employed

3.3.1.1 Laser system

Quantronix Integra-C 1.0 laser amplifier system at 795 nm = 10 nm wavelength has
been used. The maximum average power of the laser system is 1.5 W; however,
experiments have been conducted at attenuated power levels. The collimated laser
beam from the Integra-C 1.0 amplifier system is focused using a f-6 lens with a focal
length of 163 mm. The FW 1/e? M diameter of the unfocused TEMoo laser beam is 7

mm. At the focal plane, the beam waist is 30 um.
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3.3.1.2 Thermopile power sensor

Coherent’s PowerMax-USB model PM-USB PM3, a thermopile sensor, has been
employed to measure the laser power. The range in which PM3 can measure is 500
uW to 2 W. PowerMax-USB PM3 is thermally stabilized for low-power sensitivity.
The maximum power density and the maximum energy density of the thermopile
sensor are 500 W/cm? and 50 mJ/cm? respectively. The diameter of the thermal

sensor is 19 mm. The response time of the sensor is 1.9 s.

3.3.1.3 Sample

Gorilla glass 2320, a chemically strengthened glass, manufactured by Corning
Incorporated (USA) has been used. The compressive stress of Gorilla glass 2320 is
greater than 950 MPa with a depth of compressive layer more than 50 um. Sample

dimensions used in the study are 50 mm x 50 mm x 500 pum.

3.3.2 Experimental setup

Standard open aperture Z-scan technique has been employed for the study of the
coefficients of nonlinear absorption. In the open aperture Z-scan technique, the
whole laser beam exiting the sample’s surface is measured by the sensor as depicted

in Figure 3-1.
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Figure 3-1: Schematic diagram of open aperture Z-scan technique

The power transmitted at different laser intensity through a sample is to be measured
by the PowerMax PM3 sensor. Different laser intensity is achieved by translating the
glass sample along the laser propagation axis, in particular through the focal plane
of the laser beam. The beam diameter of the laser beam at any given z position is [14,

15]

v, ng(H(i)Z) -

2
Where w, is the beam diameter at the focal plane and z; = 7Tw"/)L is the Rayleigh

length with A being the laser wavelength. To avoid damaging the thermopile power
sensor, the sensor was placed at a position where the power density and energy
density did not exceed the maximum power density and maximum energy density
allowable of the sensor. Power density and energy density are respectively calculated

as
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= £ (3-2)
w2

o E (3-3)
W2

The maximum power density of the thermopile power sensor is 500 W/cm?. For the
laser operating at its maximum power of 1.5 W, the minimum beam radius w; should
not be less than 0.31 mm. From equation (3-1), for w; > 0.31 mm, the thermopile has
to be located at 18.3 mm or further from the focal point. As the diameter of the
thermopile sensor is 19 mm, the distance of the sensor from the focal plane should

be less than 563.1 mm to ensure that the whole laser beam is within the sensor.
The experimental procedure is as follow:

1. The laser system was switched on and left idle for at least 30 min for the
power to stabilize.

2. The sample holder was placed in the XYZ translation stage. Gorilla Glass
2320 was clamped to the sample holder. The position of the sample holder
was maintained at 163 mm below the scanner.

3. The thermal sensor was placed below the sample. Not to damage the
thermopile sensor, the sensor was placed approximately 100 mm below the
focal plane; this is to ensure the capturing of the whole laser beam and to
avoid the power intensity of the incident laser beam exceeding the allowable

maximum power density of the thermopile sensor. To ensure proper
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alignment such that the whole laser beam was collected by the sensor, sensor
alignment was achieved using leaked laser power.

. The sample was removed from the sample holder and the laser power was
measured. Three measurements of the power were taken for 5 s each. The
measurement time of 5 s was chosen to ensure proper measurement as the
response time of the thermopile sensor is 1.9 s. The average of three
measurements gave the reference power for laser irradiation.

The sample was then placed on the sample holder. The laser was turned on
and focused at the surface of the sample. The sample was then translated 250
um towards the lens ensuring that the focal plane of the laser is at the central
plane of the glass. This position was then established as the z = 0 reference
point.

. The sample was translated along the z-direction using the XYZ translational
stage. Starting from a far-point, where there is only linear absorption, the
sample was moved towards the focus and beyond. The stepping along the z-
direction was not maintained constant. In the linear absorption regime far
away from the focal plane, a step size of 500 um was used. When the sample
was near the focal plane and thus approaching the nonlinear absorption
regime, the step size was reduced to 100 um. At every step, three readings of
5 s each were measured.

Once all the readings were taken, the sample was removed from the sample
holder. Three further readings were taken and compared with the initial

readings without the sample. The comparison of the readings provides a good
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assessment of the power stability of the laser throughout the whole
experiment.

8. Step 3 to step 6 was repeated for different power levels.

9. The absorption curve was plotted against the z-distance. Absorption was
calculated as the difference between the reference power without the sample

and the transmitted power measured with the sample at different z-positions.

3.4 Thermal Measurement

Direct observation of temperature distribution during laser irradiation on Gorilla
Glass 2320 has been studied. The thermal measurement was conducted using FLIR®
Silver SC5000 thermographic camera. The thermal measurements has been
conducted at different z-position with experimental setup following the standard Z-
scan technique; this is the first-of-its-kind direct observation of thermal energy for
correlation with the Z-scan measurement of laser energy absorption. The thermal
camera was first calibrated using thermocouples prior to the study of the temperature
distribution of the sample during laser irradiation. Appendix | provides the

calibration details.

3.4.1 Materials and devices employed

3.4.1.1 Chemically strengthened glass

Gorilla Glass with code Gorilla 2320 from Corning Singapore was used for the
experiment. The dimensions of the glass specimen are 50mm x 50 mm x 500 pm.
The compressive stress at the surface of the glass is greater than 950 MPa with a

minimum depth of the compression layer greater than 50 um.
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3.4.1.2 Infrared thermal camera

FLIR® Silver SC5000 Medium Wave Infrared (MWIR) camera has been used for
thermography. It has a highly sensitive Indium Antimonide (InSb) focal plane array
for IR measurement. The thermal camera can be operated up to 380 Hz at full frame
rate. The camera has a 27 mm embedded lens with focal number /3. For the current
experiments, medium wave G3 F/3.0 lens with magnification number 3 + 5% was
employed. The MW G3 lens operates at the spectral band of 3.7 um to 5.15 pm. The
focal point of the lens is 38.8 mm + 0.01 mm from the objective lens. The resolution
at which the camera can be operated using MW G3 lens is 320 x 256 for 30 um pitch
detector and 630 x 512 for 15 um pitch detector. Thus, small area temperature can

be precisely measured with high accuracy.

3.4.1.3 Thermopile power sensor
Coherent’s PowerMax-USB model PM-USB PM3, a thermopile sensor, has been

employed to measure the laser power as described in section 3.3.1.2 (above).

3.4.1.4 Paint
To increase measurement sensitivity, the surface under observation was painted with
PNM400 black paint purchased from RS Components Pte. Ltd, which has an

emissivity close to unity.

3.4.2 Experimental setup
A schematic diagram for the direct observation of temperature distribution during

laser irradiation on Gorilla Glass 2320 is shown in Figure 3-2.
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The glass sample was painted black on the observation edge with PNM400 black
paint. The spray-painted edge was left to air dry. During painting, not only the edge
was painted, but the lateral surfaces from the edge were also painted. Once the paint
was dried, excess paint from the lateral surfaces was removed using ethanol, and the
sample was left to air dry. Visual observation was conducted to ensure that the edge
was properly painted with no residual paint on the lateral surfaces. The removal with
ethanol and air drying was repeated if there was any residual paint on the lateral

surfaces.

Glass Sample '

Transmission
detector

Collimated laser
beam

Edge painted black
IR Thermal Camera

1 aser focal

plane

Figure 3-2: Schematic diagram for direct observation of temperature distribution

during laser irradiation

Once the edge was painted, the sample was mounted on the sample holder on the
XYZ translation stage. The sample was placed on the laser path near the focal plane

of the focusing lens. Sample position was adjusted using the XYZ translation stage
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in such a way that the centre of the incident radiation was always 2 mm away from
the painted edge. Thermopile power sensor was placed behind the sample along the
laser axial direction. With the same considerations as outlined in section 3.3.2 (above)
for conducting the Z-scan experiment, the thermopile power sensor was placed 100
mm away from the focal plane of the focusing lens; this was to ensure that the
thermopile power sensor would not be damaged. FLIR® MWIR SC5000 thermal
camera was focused on a point nearest to the laser irradiation site on the black-

painted edge.
The experimental procedure is as follow:

1. The laser system was switched on and left idle for at least 30 min for the
power to stabilize.

2. Laser power was measured with a thermopile power sensor without the
sample. Measurement was conducted three times for 5 seconds each. The
average measured power was established as a reference power for the
incident radiation.

3. The sample was mounted on the XYZ translation stage using a sample holder.
The mounting ensured that the black painted edge was facing the infrared
camera to facilitate temperature measurements.

4. The laser beam was focused on the entry surface of the sample. Using the
translation stage, the position of the sample was maintained in such a way
that the center of laser irradiation was 2 mm away from the black-painted

edge. The sample was translated by 250 um along the z-direction towards the
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focusing lens; it ensured that the focal plane of the focusing lens was at the
central plane of the glass sample along the thickness direction.

5. Infrared camera FLIR® MWIR SC5000 was focused on the black painted
edge. Determination for the position nearest to the laser incident site was
done by hit-and-trial method. Spirit level was used to ensure that the thermal
camera was perpendicular to the edge under observation.

6. Three observations were made with laser on for 5 seconds each. During this
time the transmitted power was collected using the thermopile sensor.
Simultaneously, using the FLIR® MWIR SC5000, thermal images were
taken 10 seconds at 50 Hz sampling frequency.

7. The z-position of the sample was varied, on both positive and negative
directions, and similar observations were conducted. Step 5 and step 6 were
repeated at every new z-positions.

8. The power level was again measured without a sample and compared with
the initial measurements without the sample to ensure the laser power was

stable throughout the experiment.

3.5 Plasma observation with high-speed imaging

High-speed imaging can be used to visually observe different phenomena [108, 109],
and has been employed here for the observation of the plasma formation during laser
irradiation on Gorilla Glass 2320. Plasma at different z-positions has been observed

during Z-scan measurement; this is the first-ever reported plasma observations for
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correlation with Z-scan measurements. In this section, the materials and devices

employed, experimental setup and experimental procedure will be outlined.

3.5.1 Materials and devices employed
Plasma formation during laser irradiation on Gorilla Glass 2320 was observed using

high-speed imaging with Photron’s FASTCAM SAS.

3.5.1.1 Photron’s FASTCAM SA5

Photron’s FASTCAM SA5 is a high-speed video system with complementary metal-
oxide semiconductor (CMOS) sensor. It has a 12-bit analog-to-digital converter
(ADC) with 20 um pixel size. FASTCAM SAS5 is capable of imaging up to 1,000,000
frames per second at a resolution of 64 x 16 bits with a maximum shutter speed of

369 ns. It is capable of imaging at 7000 fps with a resolution of 1024 x 1024 bits.

In Figure 3-3, the solid line shows the spectral response of the CMOS sensor with a

responsive broad spectrum.
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Figure 3-3: Response of CMOS photodiodes with coverings of (a) No
polycrystalline silicon, (b) the first polycrystalline silicon layer, (c) the second

polycrystalline silicon layer, and (d) both polycrystalline silicon layers [114]

3.5.1.2 Optical filters

Figure 3-3 shows that the CMOS sensor is highly responsive at the laser wavelength
of 795 nm, the laser’s central wavelength. During imaging, it is highly undesirable
to have image saturation because of the high-intensity laser pulse. Moreover, the
laser pulse has very high peak power intensity; even a small amount of reflected
beam during imaging can be focused onto the sensor damaging it. Therefore, a
FESHO0750 cut-off filter with a cut-off wavelength of 750 nm, or a FELH0850 cut-
on filter with a cut-on wavelength of 850 nm, both from the Thors Lab, were
employed. The cut-off and cut-on wavelengths for the filters were selected such that
they are as close as possible to the laser wavelength; this ensured that almost all the
light during the experiment, either below or above the laser wavelength was captured

by the camera. Further discussions are presented in section 5.2.1 (below).
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3.5.1.3 Metal halide lamp

During high-speed imaging, the shutter speed is fast, and FASTCAM SAS5 can reach
up to 1/930,000 sec. As such, ambient light was not sufficient for proper imaging. A
metal halide lamp MLDS250-2/DT with a power rating of 250W was employed to
increase the illumination. It is equipped with both ultraviolet and infrared cut-off

filters.

3.5.2 Experimental setup
A schematic diagram for the observation of plasma formation during laser irradiation

with the femtosecond laser on a glass sample is shown in Figure 3-4.

Glass Sample !

Metalhalide Metalhalide
light source light source

Transmission

detector Collimated laser

beam

Cut-off filter

High Speed Camera

i
™ (aser focal

! plane

Figure 3-4: Schematic diagram to observe plasma formation during laser

irradiation
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The experimental setup is similar to the direct observation of temperature
distribution using FLIR® Silver SC5000 thermographic camera. However, for high
speed imaging, Photron’s FASTCAM SA5 high-speed camera has been employed.
The sample was placed in a sample holder and was clamped to the XYZ translation
stage. The position of the sample was maintained in such a way that the point of
irradiation was near an edge of the sample. With the same considerations as outlined
in section 3.3.2 (above) for conducting the Z-scan experiment, the thermopile power
sensor was placed 100 mm away from the focal plane of the focusing lens; this was
to ensure that the thermopile power sensor would not be damaged. Illumination with
metal halide lamp was directed at the point of laser irradiation from the opposite
location of the high-speed camera. The high-speed camera was oriented in such a

way to focus on the site of laser irradiation near the sample’s edge.
The experimental procedure is as follow:

1. The laser system was switched on and left idle for at least 30 min for the
power to stabilize.

2. Laser power was measured with a thermopile power sensor without a sample.
Measurement was done three times for 5 seconds each. The average
measured power was established as the reference power for incident
radiation.

3. The sample was mounted on the XYZ translation stage using a sample holder.

4. The laser beam was focused on the entry surface of the sample. Using the

translation stage, the position of the sample was maintained in such a way
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that the center of laser irradiation was 2 mm away from the edge towards the
high-speed camera. Subsequently, the sample was translated by 250 pum
along the z-direction towards the focusing lens; it ensured that the focal plane
of the focusing lens was at the central plane of the glass sample along the

thickness direction.

. Photron’s FASTCAM SA5 was focused on the site of laser irradiation.

Determination for the site of the laser incident was done by hit-and-trial
method. Spirit level was used to ensure that the thermal camera was
perpendicular to the edge under observation.
. Three observations were made with the laser on. During imaging, the
following considerations were made:
a. The frame rate was fixed for each experiment.
b. Zero-calibration was performed each time the camera setting was
changed by closing the shutter.
c. High-speed images were taken using Photron’s FASTCAM SA5 and
stored in the computer.
Multiple experiments were performed with images taken at frame rates of 60
fps, 1,000 fps, 3,000 fps, 10,000 fps, 50,000 fps, 300,000 fps, and 930,000
fps. For each frame rate, step 6 was repeated. (Note: optical filters FESH0750
and FELHO0850 were employed for imaging at 60 fps to establish the
appropriate filter choice; subsequently, only FELS0750 was used for all the

other observations.)
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8. The z-position of the sample was varied, on both positive and negative
directions, and similar observations were made for each z-position. Step 5,
step 6, and step 7 were repeated at every new z-positions.

9. The power level was again measured without a sample and compared with
the initial measurements without the sample to ensure that the laser power
was stable throughout the experiment.

10. The experiment was repeated for two power levels. Steps 2 to steps 9 were

executed for each power level.
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Chapter 4: Optical absorption characterization

4.1 Introduction

For machining of material with laser irradiation, absorption of laser power by the
material is a necessity. The material can be opaque or transparent at the given laser
wavelength. For an opaque material, linear absorption is the main mode of laser
power absorption. In contrast, for a transparent material, nonlinear absorption is the
primary mode of laser power absorption. In this investigation, both modes of

absorption in a transparent material, Gorilla Glass 2320, will be studied.

For this investigation on laser power absorption, the Z-scan technique has been
adopted. As discussed in Chapter 2, Z-scan measurements have been employed by
researchers for the characterization of optical properties. These include the study of
both thin and thick optical media. Most of the research focuses on thin material;
however, in practice, it is always not practical or appropriate to characterize a
material using thin approximation. There are only a few investigations on thick

materials and they are limited to theoretical analysis with simplified assumptions.

Here a detailed investigation of nonlinear absorption has been conducted with the
introduction of a nonlinear absorption threshold. The Z-scan technique with open
aperture has been adopted for the study of the nonlinear absorption coefficient of
Gorilla 2320, with the associated experimental procedure already discussed in
Chapter 3, section 3.3.2 (above). The intensity distribution within the material and

the energy absorbed within the material are analysed. The implicit simplified
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assumptions  of the current Z-scan  technique are  discussed.
Further, a numerical technique has been developed to overcome the limitation of the
assumptions. In addition, the existing equation in the literature for describing the
coefficient of nonlinear absorption and the characterization of a “thin” or “thick”

sample are examining.

4.2 Theoretical analysis

In general, a short pulse laser, with power delivered in timescale less than 1 ps, has
very high peak intensity; this results in optical breakdown and thus nonlinear
absorption in a transparent material. In this investigation, Quantronix Integra-C 1.0
amplifier laser system with a pulse-width duration of 130 fs and central laser
wavelength of 795 nm has been employed for the investigation of the nonlinear

absorption coefficient.

Laser fluence is the total laser energy per unit area whereas laser power intensity is
defined as the laser power per unit area. Use of laser power intensity instead of laser
fluence facilitates ease of accounting for high peak power and instantaneous power.
Thus, laser power intensity, instead of laser fluence, has been employed for this study.

For the analysis, the following approximations have been adopted:

1. The axis of the laser beam is perpendicular to the surface being irradiated.

2. The incoming laser beam has a standard Gaussian temporal profile i.e.

I1(t) =1,.exp (—(t_—t(’)z> (4-1)

20;
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Where It is the peak temporal laser intensity, o, is the temporal standard
deviation of the laser beam and t, is a time of central peak location.

. The incoming laser beam has a standard Gaussian spatial profile i.e.

I(r) =I,.exp (— T > (4-2)

20,

Where lor is the peak radial laser intensity, and o, is the spatial standard
deviation of the laser beam. In the case of the spatial profile, the laser beam
has been assumed to have a central peak at the axis of propagation.

. Thus, at any given time the instantaneous intensity of the incoming laser

beam can be described as

I,(r,t) =1,(2)exp (—

207 20}

rt (- t0)2> (4-3)

Where I, (r, t) is intensity distribution profile of laser beam at the surface of
the sample with respect to the radial distance and the time step and lo(2) is
the peak power intensity at the surface when the sample surface is z-distance
away from the focal plane.

Equation (4-3) is necessary only for the incoming laser beam at the surface
of laser irradiation. It does not, however, means that the beam will maintain
a Gaussian profile when the material enters the transparent material. Indeed,
the change in laser profile as it propagated into the material is accounted for

by the analysis.
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5. The Gorilla Glass 2320 is assumed to be isotropic in nature at the given laser

wavelength.

With these assumptions (in particular the first three assumptions), the laser
irradiation can be and has been treated as an axisymmetric system. All the
subsequent formulation will treat the laser irradiation on the Gorilla Glass 2320

as asymmetrical.

The above assumptions are valid for the experimental investigations in this study.
Indeed, as a numerical technique has been developed to describe the propagation
of the laser beam through the medium, the axisymmetric assumption can be
relaxed by having an appropriate equation to describe the incoming laser beam
distribution and its relationship with the medium, and a 3D formulation of the

numerical procedure.

As mentioned earlier, Z-scan experiments are performed for the determination of
coefficients of absorption and nonlinear absorption threshold intensity. It should
be noted that the position z = 0 refers to the position of the focal plane. The
schematic diagram in Figure 4-1 shows the position of the sample with respect

to the focal plane.
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Figure 4-1: Schematic diagram of the laser beam with a sample at z-distance
away from the focal plane.

In Figure 4-1, the z-distance is defined as the distance between the central plane
along the thickness of the sample and the laser focal plane. If the sample is placed
further away from the focal plane, it is considered as having a positive z-distance (as
shown in Figure 4-1); conversely, if the sample is placed before the focal plane it is
considered as having a negative z-distance. Also, the distance ‘s’ is defined as the
position of the sample surface facing the laser beam (the entry surface of the laser
beam), with respect to the laser focal plane. This distance definitions will be adopted

in the subsequent analysis unless otherwise specified.

4.2.1 Nonlinear absorption coefficient formulation

A lot of studies have been conducted for the study of nonlinear optical properties in
different materials [14, 15, 19, 20, 22-24, 27-29, 33, 42, 44, 71]. Most of these follow
the pioneering work of Mansoor Sheik-Bahae et al. [14, 15] who introduced the Z-

scan technique for optical characterization. In these previous studies of the nonlinear
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absorption coefficient, the intensity-dependent overall absorption coefficient (1) has

been represented as in equation (1-1) in section 1.1(above), Chapter 1 [14, 15]:

a(l)=a+ pI (1-1)

Where « is the coefficient for linear absorption and g is the coefficient for nonlinear

absorption.

Using the Z-scan technique, Mansoor Sheik-Bahae et al. [14, 15] showed that in
positions away from the focus there is only linear absorption; when the sample is
translated toward the focus, and at a distance sufficiently close to the focus,
nonlinearity absorption commences. During the translation of the sample towards
the focus, the beam diameter decreases with increasing laser power intensity. As
such, there is clearly a threshold intensity beyond which nonlinear absorption

commences.

Interestingly, none of the previous work in the literature has reported or utilized this
nonlinear absorption threshold intensity. This investigation defines the nonlinearity
absorption threshold intensity I as a laser intensity threshold for the commencement
of nonlinear absorption. This study will further demonstrate the importance of
having this threshold for proper accounting of absorption in general, and nonlinear

absorption in particular.

In addition, in equation (1-1), the coefficients for linear and nonlinear absorptions,
i.e. a and B respectively, have different units, namely 1/cm for « and cm/W for 3.

As both are absorption coefficients, for consistency, they should both have the same
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units, and ideally the unit of «. This has been achieved in this study with a theoretical

formulation through the incorporation of I.

The laser power intensity decay may occur dramatically while the laser traverses the
thickness of a material because of the nonlinear absorption process. As such, the
propagating laser beam may experience a change in the mode of absorption from
dominantly nonlinear to linear absorption. Accounting all these scenarios, the overall

coefficient of absorption has been reformulated and defined in this study as

% VI(z,7,t) <l (4-4)

a= I(z,7,¢t)

Ol0+0£1 VI(Z,T',t)ZIth

Iin

Where a, is the coefficient of linear absorption and «; is the coefficient of nonlinear
absorption, with the same unit as a,. Equation (4-4) describes explicitly the
commencement of nonlinear absorption, and its contribution to the value of the
overall absorption coefficient. This transition to nonlinear absorption is accounted
for by comparing the instantaneous positional intensity with the nonlinear absorption
threshold intensity. By normalizing the instantaneous positional intensity with the
threshold intensity in equation (4-4), the coefficient of nonlinear absorption a; will

have the same, and thus consistent unit as the coefficient of linear absorption «,,.

4.2.2 Formulation of laser energy distribution within the material
For a rigorous study of nonlinear energy absorption within a material, when the laser

traverses the material, the energy distribution within the material at any location and

- 114 -



Chapter 4: Optical absorption characterization

time has to be determined. A mathematical model has been developed for the study
of energy distribution as a function of time with respect to a location within the

sample thickness.

Let us consider a transparent material of thickness | is irradiated with a laser beam
with intensity distribution described by equation (4-3). Figure 4-2 shows a schematic
diagram of laser beam profile focused z, below the surface with respective intensity

distribution profiles.

L nt) 5 ‘e

Figure 4-2: Schematic diagram of laser irradiation focused inside the material at
distance s below the surface. Io(r,t) is incoming laser intensity profile at the entry
surface of the sample at given values of r and t, I(z,r,t) is intensity at a position
‘2’ below the surface of the sample and I(l,r,t) is the intensity profile at the exit
surface of the glass. Esis total energy entering the surface and Ee is total energy

exiting the surface
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The laser beam profile, w(z), with a beam waist radius of wo, can be described by

equation (3-1) in Chapter 3 section 3.3.2 as [14, 15] :

= ng (1+(2)) o

Where, 4 is the central laser and zr is the Rayleigh length.

Let us denote the total laser energy irradiated into the material be Es, and the energy
that exits the material be Ee. The difference between the energy that enters the
material and the energy that exits the material is the total energy that is absorbed by

the material.

Figure 4-3 represents an elemental area z-distance below the surface of the sample

in polar coordinates.

The energy contained in the elemental area ABCD can be written as

dE = I(z,7,t) - dA - dt (4-5)

For the polar coordinate system,

dA = dr - dl (4-6)

dl=r1-df
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Figure 4-3: Polar representation of a radial system with dr elemental radial length

and dé elemental revolving angle. I(z,r,t) is the fluence at the elemental area ABCD.

Thus, energy contained in elemental area ABCD can be written using equation (4-5)

and equation (4-6) as,
dE = I(z,7r,t)r-dr-df -dt (4-7)

The total energy contained in a plane z-distance below the surface can be determined

by integrating equation (4-7) with respect to r, ¢, and t as:

T r2n rw(2) (4-8)
E(z)=f f f [(z,r,t)-r-dr-df-dt

0 Y0 0
Where 7 is the laser pulse duration and w(z) is the beam radius at a position z-
distance from the surface of the sample. Equation (4-8) can be used to determine the

total energy of the laser beam at z-distance below the surface of irradiation.

At the entry surface, the total energy input Es can be calculated using equation (3-1),

equation (4-3) and, equation (4-8) as
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: fffz’ffw@l - ( —9r2 —2.726t2> i do- dt (4-9)
.= o (2)ex — r-dr-do-
0o Jo Yo P 2[lw(s)]1?  [trwuml?

Where w(s) is the beam radius of the income beam at the surface of irradiation,

trwhm IS the Full-Width Half-Maximum time of the laser pulse duration.

4.2.3 Volumetric energy absorption formulation
The energy absorbed within the material is to be determined. Let us consider an

elemental volume in cylindrical coordinate as shown in Figure 4-4.

at
T )
“\.{ ) N\

) da \ \"I

dz

____._H\\ \\\
\I{z+dz,r,t)

Figure 4-4: Elemental volume in cylindrical coordinate with dr as elemental
radial length, dz as elemental axial length and dé as the elemental revolving
angle. I(z,r,t) is the laser intensity when it enters the elemental volume at position
r distance away from the beam axial position and z-position below the surface at
any given time t. I(z+dz,r,t) is the laser intensity at the exit of the same

elemental volume of thickness dz.

The energy that will be absorbed by an elemental volume can be given as
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dl(z,1,t 4-1
_digry (4-10)

dE 17

dt

Where dI/dz is the rate of change of intensity as the laser traverse the elemental
volume. Equation (4-10) defines the energy absorbed per unit differential volume.

Power absorbed per unit elemental volume is given by [14, 15]

dl(z,zr, t) ——a-1zr0) (4-11)
Where « is the overall absorption coefficient as defined by equation (4-4).
The energy absorbed in an elemental volume can be calculated as,
_ dl(z,r,t) . (4-12)

dE r-dr-df-dz-dt

dz

The volume integral with time integral of equation (4-12) will give the total energy

absorbed by the system as

ke dl(z,r,t) (4-13)
f dEszff—-r-dr-dG-dz-dt
E, dz
Expanding equation (4-13) using equation (4-11) will result in
T pl 2w ,w() (4-14)
Ee—Esz—fff f a-1(z,r,t) r-dr-dof-dz-dt
0o Y0 Y0 0

a is the overall absorption coefficient as defined in equation (4-4) and E;s is the

energy exiting the sample.
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For a Gaussian laser beam, the energy that enters the material at the surface of the
material has a Gaussian distribution. However, the fluence distribution exiting the
material will not be Gaussian due to nonlinear absorption. As the absorption depends
on intensity, the higher the intensity the higher will be the absorption. As a result,
higher absorption will occur at the centre of the beam while propagating along the
axial direction. Thus, the distribution of intensity as the laser beam exits the material
will evolved. Indeed, the exit distribution of the laser energy cannot be specified a

priori.

The total energy exiting the sample may be determined by substituting equation (4-9)

into equation (4-14):

z fffzﬂfw@l - ( —9r2 —2.335t2> i d6 - d (4-15)
= z)ex - r-dr- -dt
¢ 0o Yo Jo ? P 2[w(s)]?  2[trwum]?

T pl 2 ,w(l)
—fff f a-1(z,r,t) r-dr-do-dz-dt
0o JoJo Jo

By solving equation (4-15), the total energy exiting the sample can then be obtained.

4.3 Computational procedure

The nonlinear absorption threshold intensity, the linear, nonlinear and overall
absorption coefficients are to be determined from experimental data. A mathematical

model using the finite difference method has been developed to solve for these
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parameters. The boundary conditions and the computational procedure adopted will

be outlined in this section.

4.3.1 Nonlinear absorption threshold intensity

For each experiment, the region of linear absorption and the region of nonlinear
absorption were determined. An example of a set of experimental data is shown in
Figure 4-5. It can be seen from the figure that in the area near the focal plane there
is nonlinear absorption and in the regions far away from the focal plane there is only
linear absorption. As shown in Figure 4-5, the transition of absorption from linear to

nonlinear is rather distinct and could be observed relatively easily.
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Figure 4-5: Experimental absorption results by 500 pm Gorilla 2320 glass using
Z-scan at a laser power of 99.6 mW showing regions of linear and nonlinear

absorptions.
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To determine the point of transition from linear to nonlinear absorption, the
experimental data were numerically differentiated with respect to z-positions
(described in Appendix I1). Figure 4-6 shows the rate of change of absorption with

respect to z-position.
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Figure 4-6: Rate of change of absorption with respect to z-position.

From Figure 4-6 it can be observed that at z-positions away from the focal plane, the
rate of change of absorption is almost constant and close to zero. In these regions,
there is only linear absorption, which is in accordance with the result observed in
Figure 4-5. However, as the sample is moved towards the focus from both positive
and negative z-directions, the rate of absorption is not constant with respect to z-
positions. It can be observed from Figure 4-6 at z = - 2.7 mm and z = 2.8 mm, there
is a transition from linear absorption to nonlinear absorption. This can be attributed

to the increase in the laser peak intensity as a result of decreasing beam diameter.
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The sample experiences laser intensity greater than the nonlinear absorption
threshold intensity, resulting in the initiation of nonlinear absorption. As the sample
is moved towards the focal plane, betweenz=-2.8 mmtoz =-1.6 mmand z = 2.7
mm to z = 1.7 mm, the rate of change of absorption with respect to z-position is slow.
In these regions, the nonlinear absorption results in intensity decay, reducing the
intensity to a value less than the nonlinear absorption threshold intensity; as such,
most parts of the sample experience linear absorption. However, when the sample is
moved even closer to the focal plane, between z > - 1.6 mm and z < 1.7 mm, the rate
of absorption with respect to z-position increases, as the peak intensity at the entry
surface also increases resulting in high nonlinear absorption. Thus, Figure 4-6
indicates that z = - 2.7 mm and z = 2.8 mm were the points of transition from linear
to nonlinear absorption. The peak laser intensity associated with these z-positions

were employed as the nonlinear absorption threshold intensity.

The nonlinear absorption threshold intensity can thus be determined using equation
(4-9). If <2’ is the location where the transition occurs then the threshold intensity, It

can be defined as

Eg (4-16)

Tt om ws) —9r2 _ —2.726t%\_ =
fo fo fo exp (2[0)(5)]2_ [tFWHM]2>r dr-df-adt

Iin

Where Es is the pulse energy of the laser, w(s)is the beam radius at the entry surface
of the laser beam which is s-distance away from the focus (s = z — 0.250 mm), which
can be calculated using equation (3-1), tpywuuis the full-width half-maximum time

of the laser which is 130 fs.
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Similar calculations were conducted for all other experimental absorption. Table 4-1
tabulates the calculated nonlinear absorption threshold intensities at different power

levels.

Table 4-1: Calculated nonlinear absorption threshold intensities at different power

levels
SN Laser power | Iy x 10%2 SN Laser power ln x 1012
(mw) (W/cm?) (MW) (W/cm?)
1 21.8 39.22 6 58.2 42.36
2 21.8 45.60 7 99.6 42.62
3 21.8 41.68 8 99.6 41.22
4 58.2 44.24 9 99.6 41.25
5 58.2 41.06

4.3.2 Determination of the coefficient of linear absorption

For the computation of the coefficient of linear absorption (ao), z-positions where
there is only linear absorption were determined. These points lie in the region of
linear absorption which can be seen in Figure 4-5. They have peak laser intensities
less than the nonlinear absorption threshold intensity as computed in section 4.3.1

(above). The computational steps for the determination of o are:

1. An educated guess of aowas made which was below the actual value. In the
region of linear absorption, there is no nonlinear absorption. Thus the

coefficient of nonlinear absorption a1 was set as 0. As such, the overall
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coefficient of absorption, described in equation (4-4), only have the
coefficient of linear absorption a, as the effective coefficient of absorption.
For a given experiment, a point is chosen in the region of the linear
absorption. The z-position of the point is determined.

For numerical calculation, the sample was discretized as elements with
respect to the radial direction, thickness direction, and time step. The
elemental thickness, the elemental radius, and the elemental time step were
defined linearly. An equal number of elements along the thickness direction,
the radial direction, and the time step was taken. Initially, the sample was
discretized equally into 50 elements along the radial direction (with an
elemental size equal to w(z)/50), the temporal time step (with an elemental
time step of 10 fs), and the thickness direction (with an elemental thickness
of 10 um). (Note: the elemental size refinement is subsequently performed
using convergence method. Once convergence is obtained, this step can be
omitted for the given experiment.)

. The intensity distribution at the entry surface of the laser beam is determined
for the given z-position. This distribution serves as the initial boundary
condition for the incoming laser beam.

For the computation of the intensity distribution of the laser beam at the entry
surface, the pulse energy of the incoming laser pulse has to be determined.
The pulse energy was determined using the incoming laser power measured

during the experiment. Quantranix Integra-C was operated at a pulse
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repetition rate of 1 kHz. The laser pulse energy entering the sample surface,
Es, was calculated as

P (4-17)
Es = 1000

Where P is the average laser power measured during the experiments without

the sample.

Based on z-position of the sample surface (distance between the surface
sample and the focal plane of the laser beam) in the Z-scan experiment, the
radius of the laser beam at the entry surface was calculated using equation
(3-1). With the knowledge of the beam radius w(s) at the entry surface, the
peak intensity lo(s) of the income laser beam at the surface of the material
was calculated by substituting equation (4-17) into equation (4-9).

The intensity distribution at the surface of irradiation using the peak intensity

was defined as

orF  2.726(t2 — t0)2> (4-18)

1(7, ) = 1o(r Dexp (‘ 2w [trwnm]?

Where rj is the j-th element along the radial direction and tx is the k-th
elemental time step.

. After the determination of the incoming laser intensity distribution and
having an approximation of a,, intensity distribution within the material was

computed using an iterative process. Employing a finite difference method
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and using equation (4-11) and equation (4-4), the intensity distribution within
the material was computed by solving equation (4-12). The laser intensity

within the material, 1(zi, rj, t), was defined as

I(Zi"r:]"tk) (4-19)

_ Nz 1y te) - Alziea, 1) — @ol(zims, 13, t) -V (207))
A(zi-1,17)

Where, zi is the i-th element along the thickness of the sample from the
surface, rjis the j-th element along the radial direction and tx is the k-th time
elemental time step. I(z;, 7, t;) is the intensity associated with z, rj, and t;
A(z;,7;) is an elemental area at position z and rj; and V(z;,r;) is the
elemental volume at position zi and rj. «, is the coefficient of linear
absorption.

. After the determination of intensities within the sample, the energy exiting
the sample was calculated. The energy within the sample at a given z-position
within the material can be calculated using equation (4-8). Thus for a sample
with ‘I’ thickness, the total energy exiting the surface can be defined using

equation (4-8) as

T c2m () (4-20)
E(l)=f f f I[(z,r,t)-r-dr-do-dt
0 0 0
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Where w(l) is the radius of the beam at ‘7’ distance below the surface of
irradiation. Integration of equation (4-20) has been performed using a
trapezoidal integration method (Appendix I11).

. The absorption was computed as the difference between the incoming laser
pulse energy (described by equation (4-17)) and energy calculated at the exit

surface in step 6. The computed absorption can be defined as

A, =E;—E() (4-21)

Where Es is the energy at the laser entry surface of the sample and E(l) is the
total energy computed at the exit surface of the sample.

Steps from 3 to 6 were repeated for all z-positions in the region of linear
absorption to determine the absorption at every z-positions in the region of
linear absorption. (Note: test of convergence is not necessary for all z-
positions; mesh refinement is conducted for selected z-positions, and
convergence is verified for these selected z-positions).

Five random z-location points in the linear absorption region were selected.
For these five points, step 4 to step 8 were repeated, increasing the number
of elements along the radial direction, the thickness direction, and the
temporal time step. The increment was done by increasing the number of
elements by 10.

The difference in the energy at the entry surface and the energy at the exit
surface were monitored at a consecutive increment of the elemental number.

Until the difference in the consecutive values at the entry surface and the exit
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10.

11.

12.

surface converged to less than 1%, for all five z-locations, the increment by
10 elemental number was continued. If ‘n’ is the number of elements, the
elemental radial distance is determined as dw = w(z)/n, the elemental
thickness of the sample is determined as dz = 500/n um, and elemental
temporal time step as dt = 500/n fs. (Note: if convergence has already been
obtained for an experiment there is no need to repeat the convergence test for
that experiment. However, while computing for a new experiment, a new
convergence test is conducted.)

Sum of the squared difference between the experimental absorption result
and the computed absorption results for all z-positions in the region of linear

absorption was calculated using
SD = Z(AC —A,)? (4-22)

Where Ac is the computed absorption for a given z-position and Ac is the
experimentally observed absorption for the z-position.

The value of «, was increased in a small step. Steps 3 through step 10 were
then repeated. The increment in the value of a, was carried out until the sum
of the squared difference continually increased. The continual increase in the
sum of the squared difference indicated an overestimation of oo.

For the given laser power, the value of a, with the least sum of the squared

difference was determined as the coefficient of linear absorption.
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13. Experiments were performed at three power levels, and each power level had
3 experiments. Step 1 through step 12 were repeated for all experimental
power values.

14. Mean of all computed values of a, was defined as the coefficient of linear

absorption. The standard deviation of the value of o, was also calculated.

Table 4-2: Computed coefficients of linear absorption at different power levels

S.N. | Laser power | ao(l/cm) | S.N. | Laser power a0 (1/cm)
(mw) (mw)
1 21.8 2.13 6 58.2 1.99
2 21.8 2.02 7 99.6 2.00
3 21.8 2.03 8 99.6 2.06
4 58.2 1.90 9 99.6 2.09
5 58.2 1.91

4.3.3 Determination of coefficient of nonlinear absorption

In the determination of the coefficient of nonlinear absorption, all the z-position
points from the experimental data were used. The nonlinear absorption threshold
intensity, determined in section 4.3.1 (above), is employed. The computational
procedure for the determination of the coefficient of nonlinear absorption may be

summarized as:

1. An educated approximation of the coefficient of nonlinear absorption a1 was

made which was below the actual value.
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For a given experiment, the nonlinear absorption threshold intensity,
determined in section 4.3.1 (above), and the coefficient of linear absorption,
determined in section 4.3.2 (above), are first determined. (Note: As there are
three experiments each for three power levels, the values of the nonlinear
absorption threshold intensity and the coefficient of linear absorption for the
respective experiments were employed.)

Similar to the determination of the coefficient of linear absorption, for a given
experiment, a point is chosen, and its z-position is determined.

For numerical calculation, the sample was discretized as elements similar to
that described in step 3 in section 4.3.2 (above). Similarly, convergence test
was also conducted.

. The intensity distribution at the entry surface of the laser beam is determined
for the chosen z-position. This distribution serves the initial boundary
condition for the incoming laser beam. A similar procedure was adopted to
determine the intensity distribution at the entry surface as described in step 4
in section 4.3.2 (above).

. With the previously determined nonlinear absorption threshold intensity and
coefficient of linear absorption, and the now determined incoming laser
intensity distribution, intensity distribution within the material was computed
using an iterative process with an approximation (initial guess) of ai.
Employing a finite difference method, using equation (4-11) and equation

(4-4), The intensity distribution within the material was computed by solving
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equation (4-12). The laser intensity within the material, 1(z, rj, t), was

defined as

I(Zi, T‘j, tk)

I(Zl'—lJ T tk)

I(Zi—p?‘j' tk) 'A(Zi—prj) — @ T a1 T 2L, I(Zi—prj: tk)-V(Zi:rj)

zi_q, 1t
A(zi_l,rj) + a; (lell—:zk) V(zl-,r]-)

(4-23)

Where, zi is the i-th element along the thickness of the sample from the
surface, rjis the j-th element along the radial direction and t« is the k-th
elemental time step. I(z;,7;, t;.) is the intensity associated with z, rj, and t;
A(z;,7;) isan elemental area at position z and rj; and V(z;, ;) is an elemental
volume at position zj and r;. a,is the coefficient of linear absorption, «; is the
coefficient of nonlinear absorption and I, is the nonlinear absorption
threshold intensity.

(Note: In equation (4-23), if the value of the coefficient of nonlinear
absorption is zero in the region of linear absorption, which will essentially
convert equation (4-23) to equation (4-21) for linear absorption region.)
After the determination of intensities within the sample, the energy exiting
the sample was calculated. The energy exiting the sample can be calculated

using step 6 in section 4.3.2 (above).
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8. For agiven z-position, the total energy absorbed can be determined similarly
as described in step 7 in section 4.3.2 (above).

9. Absorptions with respect to all the z-positions were computed using steps 3
to 7 in both regions of linear and nonlinear absorption.

10. For the determination of required elemental sizes, the convergence test was
conducted using a procedure similar to that described in step 9 in section
4.3.2 (above).

11. Sum of the squared difference between the computed and the observed
experimental data is calculated for the given coefficient of nonlinear
absorption a4, as described in step 10 in section 4.3.2 (above).

12. The value of a; was increased in a small step. Step 2 through step 11 were
repeated. The increment in the value of a1 was carried out until the sum of
the squared difference continually increased. The continual increase in the
sum of the squared difference indicated an overestimation of a1.

13. For the given laser power, the value of a1 which resulted in the least sum of
the squared difference was determined as the coefficient of nonlinear
absorption.

14. Experiments were performed at three power levels, and each power level had
3 experiments. Step 1 through step 11 were repeated for all experimental

power values.

The calculated values of the coefficient of nonlinear absorption at different laser

power levels are tabulated in Table 4-3.
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Table 4-3: Computed coefficients of nonlinear absorption at different power levels

Laser power Laser power
S.N. ai(cm?) | S.N. a1 (cm™)
(mW) (mW)

1 21.8 0.00110 6 58.2 0.00110
2 21.8 0.00130 7 99.6 0.00160
3 21.8 0.00130 8 99.6 0.00140
4 58.2 0.00160 9 99.6 0.00140
5 58.2 0.00130

4.4 Results and discussion

Theoretical and experimental absorptions at different power levels of 21.80 mW,
58.21 mW, and 99.64 mW are shown in Figure 4-7, Figure 4-8 and Figure 4-9
respectively. From the experimental results, it can be observed that the absorption is
high near the beam waist (z = 0 mm) with an absorption band increasing with
increasing power. Near the focal plane, the laser intensity is high and is above the
nonlinear absorption threshold resulting in nonlinear absorption. As the sample is
moved away from the focal plane in either direction, nonlinear absorption will
decrease with a decrease in laser power intensity. With a sufficient distance from the

focal plane, there will only be linear absorption.

- 134 -



Chapter 4: Optical absorption characterization

14 T T T T T T T
Numerical
12 F x  Exp1 i
— * Exp 2
X
%10‘ (@] Exp 3 1
5 8f |
3
e X
8 6 * 7
g <
. 4r :
: ° % 3
D? 2560 o 9 X 2 Ix (3 °o 4 % % g & ¢
% % x x X X% x X X x
0% X i
_2 1 1 1 1 1 1 1
-6 -4 -2 0 2 4 6

Z-position (mm)

Figure 4-7: Absorption by 500 um Gorilla 2320 glass using Z-scan at a laser
power of 21.8 mW. The peak intensity was 2.13 x 10*W/cm?. Exp 1, Exp 2, and
Exp 3 are obtained from three different experiments whereas the red solid line is
the numerically calculated absorption using average values of the linear and the

nonlinear coefficients, and the average value of the nonlinear absorption

threshold intensity
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Figure 4-8: Absorption by 500 um Gorilla 2320 glass using Z-scan at a laser
power of 58.2 mW. The peak intensity was 1.34 x 10*W/cm?. Exp 1, Exp 2, and
Exp 3 are obtained from three different experiments whereas the red solid line is
the numerically calculated absorption using average values of the linear and the

nonlinear coefficients, and the average value of the nonlinear absorption

threshold intensity
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Figure 4-9: Absorption by 500 um Gorilla 2320 glass using Z-scan at a laser
power of 99.6 mW. The peak intensity was 2.13 x 10 W/cm?. Exp 1, Exp 2, and
Exp 3 are obtained from three different experiments whereas the red solid line is
the numerically calculated absorption using average values of the linear and the

nonlinear coefficients, and the average value of the nonlinear absorption

threshold intensity

Table 4-4 tabulates the calculated values of the linear absorption coefficient, the
nonlinear absorption coefficient and the nonlinear absorption threshold intensity of
Gorilla Glass 3230 from these set of experiments. From averaging the results
obtained from these experiments, the linear absorption coefficient was determined

to be 2.01 cm™ + 0.08 cm?, the nonlinear absorption threshold intensity was
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determined to be 42.1 x 10' W/cm? + 1.89 x 10'2 W/cm? and the coefficient of
nonlinear absorption was determined to be 0.0013 cm™ + 0.0002 cm™. The
uncertainties for linear absorption coefficient and nonlinear absorption threshold
intensity are small (less than 5%). The uncertainty of coefficient of nonlinear

absorption is larger (15%) but is considered acceptable.

Once the linear and nonlinear absorption coefficients have been computed, the

overall absorption coefficient can be obtained as defined by equation (4-4).

Table 4-4: Computed values of the linear absorption coefficient «,, the nonlinear

absorption coefficient a;, and the nonlinear absorption threshold intensity I,

Laser Power I x 10%2

S.N. (mw) a0 (1/cm) ai(cm™) (W/cm?)
1 21.8 2.13 0.00110 39.22
2 21.8 2.02 0.00130 45.60
3 21.8 2.03 0.00130 41.68
4 58.2 1.90 0.00160 44.24
5 58.2 1.91 0.00130 41.06
6 58.2 1.99 0.00110 42.36
7 99.6 2.00 0.00160 42.62
8 99.6 2.06 0.00140 41.22
9 99.6 2.09 0.00140 41.25
Mean 2.01 0.00134 42.14
Standard Deviation 0.08 0.00018 1.88
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4.4.1 Existing formulation of absorption coefficient in literature without
nonlinear absorption threshold intensity
Existing literature has defined the overall absorption coefficient without considering

nonlinear absorption threshold intensity, see equation (1-1) as:

a(l) =a+ pI (1-1)

It will be appropriate to examine here if equation (1-1) could equally be utilized to
describe the nonlinear absorption phenomenon. This would allow a proper
comparison between the proposed absorption coefficient formulation with that in the

literature.

A similar procedure is applicable to compute the linear and nonlinear absorption
coefficient. The only difference is that (a) the steps for the computation of the
nonlinear absorption threshold intensity are no longer necessary, and (b) equation
(2-1) will be used for the computation of the overall coefficient of absorption, instead
of equation (4-4). For the determination of coefficients of linear and nonlinear

absorption as described by equation (1-1), the following steps could be employed:

1. Determination of the coefficient of linear absorption will follow the same
procedure as discussed in section 4.3.2 (above). At first, the coefficient of
nonlinear absorption is set to be zero, and the computational scheme
described in section 4.3.3 (above) is used over the region of linear absorption

to determine the value of the coefficient of linear absorption.
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2. For the determination of the coefficient of nonlinear absorption, the scheme
described in section 4.3.3 (above) will be applicable, apart from one key
difference, namely equation (1-1) is used instead of equation (4-4) in the
definition of the overall absorption coefficient. As such, the formula for the
computation of the intensity distribution within the sample, described in step
5 during the determination of the coefficient of nonlinear absorption, in
section 4.3.3 (above), will have to be modified. Using equation (4-11) and
equation (1-1), the intensity distribution within the material was computed
by solving equation (4-12). As such, the laser intensity within the material,

I(zi, rj, t&), will be defined as

1(z;, 7, ty.)

(z;_q, 1t
I(zi_l,rj, tk) 'A(Zi_l,T'j) —la+ (- w I(Zi_l,q,tk).V(zi,rj)

I(z;_q, 1t
Mzry) +0- 278 o

(4-24)

Where, z; is the i-th element along the thickness of the sample from the
surface, rjis the j-th element along the radial direction and tx is the k-th time
elemental time step. I(zi,rj, tk) is the intensity associated with z;, rj, and t;
A(z;,7;) is an elemental area at position z and rj; and V(z;,7;) is the
elemental volume at position zi and rj. « is the coefficient of linear absorption

and B is the coefficient of nonlinear absorption.
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It should be highlighted that due to the absence of nonlinear absorption threshold
intensity, the nonlinear absorption coefficient will be active throughout the

calculation, even in the region of linear absorption.

With absorption by 500 um Gorilla 2320 glass using Z-scan at a laser power of
21.8 mW as an example, Figure 4-10 shows that using equation (1-1) will result
in a rather poor agreement in the absorption behaviour between experimental
observations and the line of best fit obtained from numerical calculation. Similar

poor agreements are obtained for other experimental conditions.
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Figure 4-10: Absorption by 500 um Gorilla 2320 glass using Z-scan at a laser
power of 21.6 mW. The peak intensity was 2.13 x 10**W/cm?. Exp 1, Exp 2, and

Exp 3 are obtained from three different experiments whereas the red solid line is
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the numerically calculated absorption (line of best fit) based on equation (1-1)

without consideration for nonlinear absorption threshold intensity.

Although both the linear coefficient of absorption o and nonlinear coefficient of
absorption B can be determined, namely 2.01 cm™ and 90.1 x 10 cm/W respectively,
the poor fitting of the line of best fit to the experimental results indicates that these

values will describe poorly the actual absorption.

Instead of using the line of best fit, an alternative is to match the maximum
absorption value between experimental observations and numerical calculations, see
Figure 4-11. Through this matching, the linear coefficient of absorption o and
nonlinear coefficient of absorption B can also be determined, namely 2.01 cm™ and
152.3 cm/W respectively. However, similarly to the line of best fit method, the
agreement between calculated and experimental values are poor. Thus, the obtained

absorption coefficients will poorly describe the experimental absorption.

These results elucidated the deficiencies of the existing formulation for nonlinear
absorption. The nonlinear absorption coefficient has a different unit from that of the
linear absorption coefficient, and thus there is a lack of consistency. More
importantly, without the nonlinear absorption threshold intensity, the equation in the
existing literature, namely equation (1-1), indicates that there will always be
nonlinear absorption at any laser power intensity; this is not exactly valid at low laser

power intensity. Without considering the nonlinear absorption threshold intensity,
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the analysis presented here indicates that it is not possible to obtain meaningful

absorption coefficients to describe well the experimental observations.
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Figure 4-11: Absorption by 500 um Gorilla 2320 glass using Z-scan at laser
power of 21.6 mW. The peak intensity was 2.13 x 10*W/cm?. Exp 1, Exp 2, and
Exp 3 are obtained from three different experiments whereas the red solid line is

the numerically calculated absorption by matching of the maximum absorption
values between experimental observations and numerical calculations based on

equation (1-1) without consideration for nonlinear absorption threshold intensity.

4.4.2 Rayleigh length and sample thickness

In the literature [10], a sample is considered as a thin sample if its thickness is less

than the Rayleigh length. Rayleigh length is given as [1]

- 143 -



Chapter 4: Optical absorption characterization

Tw? (4-25)
ZR = /,1

Where w,is the laser beam radius at the focal plane and 4 is the laser wavelength.

The sample thickness in the experiments is 500 um, and the system Rayleigh length
is calculated to be 890 um using equation (4-25). As such, the sample will be
classified as a thin sample. The associated implicit assumptions are that the laser
power profile remains constant as the laser traverse the sample and that only one

single value of overall absorption coefficient can be employed for the sample.
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Figure 4-12: Intensity in the axial direction of laser propagation with maximum
temporal peak intensity when the laser is focused at the centre of glass (z =0
mm). Input power is 21.6 mW. The dotted line shows the intensity variation vs
thickness for linear absorption only to give the same intensity value at the exit
surface of the glass, indicating that there was only linear absorption for thickness

greater than 220 pm.
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With the proposed formulation here, the solid line in Figure 4-12 shows the intensity
profile computed within the sample at the axial line of beam propagation, with the
laser beam focused at the centre (interior) of the sample with a laser power of 21.6
mW. There is nonlinear and rapid decay of the laser intensity as the laser propagated
through the medium. At a depth of 220 um from the entry surface, the intensity has
already decreased significantly, and is below the nonlinear absorption threshold
intensity. Subsequently, as the laser travels further into the medium, there will be
linear absorption and without any significant nonlinear absorption. To better
elucidate this, the dotted line is the intensity within the sample assuming only linear

absorption resulting in the same exit intensity.

This demonstrates that even for this “thin” sample, the absorption at different depths
of the sample differs significantly, and one overall absorption coefficient will not be

sufficient to describe the absorption phenomenon.

4.4.3 Intensity profiles of the laser beam within the material
The effect of intensity decay within the material on the intensity profile evolution of
the laser beam within the material, and thus the change in intensity profile when the

laser beam exits the material, has not been studied.

Figure 4-13 shows the temporal and radial profile of the laser beam at the entry

surface and at the exit surface of the sample. The initial laser intensity distribution
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profile was Gaussian in both radial direction and temporal time step, and thus the

laser intensity distribution profile at the entry surface will be Gaussian.

However, the intensity distribution profile at the exit surface, because of absorption,
will not have a Gaussian distribution. A Gaussian fit, with the least square method,
has been computed for the exit intensity distribution profile. Figure 4-14 compares
the intensity distribution profile at the exit surface with the Gaussian fit. The intensity
distribution profile was observed not to follow a Gaussian distribution in both radial

direction and temporal time step.

Figure 4-14 shows that the actual intensity distribution has a lower peak than that for
a Gaussian distribution. This can be attributed to nonlinear absorption. When the
laser is propagating through the sample, there is high nonlinear absorption for high
laser power intensity exceeding the nonlinear absorption threshold intensity. Around
the peak intensity, the laser power intensity is the greatest, and thus the highest power
absorption. With this higher absorption at the centre as compared to radial distance
further away from the peak, the peak intensity will be depressed much faster. Thus,
the exit profile laser intensity will have a lower peak intensity compared to the

assumed Gaussian distribution.
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Figure 4-13: Intensity distribution profile of the laser beam at the entry surface

and the exit surface of the laser beam (a) radial direction (b) temporal time step
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Figure 4-14: Intensity distribution profile of the laser beam at the exit surface of

the laser beam with Gaussian fits (a) radial direction (b) temporal time step

As such, these analyses demonstrate that it is rather inappropriate to classify the
sample as “thin” or “thick” based on Rayleigh length, with the associated different

behaviours assumed between “thin” and “thick” samples. Even for a “thin” sample
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investigated here, one overall absorption coefficient is not sufficient to describe the
absorption behaviour; in addition, the laser intensity profile will evolve and will not
remain constant (as assumed for a “thin” sample”) as the laser beam traverse the

medium.

4.5 Summary

In this chapter, the nonlinear absorption of Gorilla Glass 2320 was theoretically and
experimentally studied. A new absorption equation has been formulated, with the
introduction of a nonlinear absorption threshold intensity to take into consideration
the transition from linear to nonlinear absorption. With this formulation, both linear

and non-linear coefficients of absorption will have the same and consistent unit.

Subsequently, by correlation with experimental results, the linear coefficient of
absorption, the nonlinear coefficient of absorption and the nonlinear absorption
threshold intensity were determined. It is further elucidated that without the
nonlinear absorption threshold intensity, the existing absorption coefficient

formulation will not be able to describe the non-linear absorption behaviour.

In addition, it is demonfstrated that the Rayleigh length for the classification of a
“thin” or “thick” sample is rather inappropriate. The samples used in this
investigation are “thin” as it is less than the Rayleigh length. However, absorption
behaviour at different thickness locations of the sample is rather different, and that

most of the energy of the laser beam is absorbed near the entry surface. In addition,
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the laser power distribution changes as it traverses the sample, and the initial

Gaussian distribution of the laser power will not remain as Gaussian.
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Chapter 5: Laser-induced plasma during femtosecond
laser irradiation

5.1 Introduction

The short-pulsed lasers have high peak intensities. The high intensity leads to the
ablation of material. The ejected material will interact with the incoming laser beam
with high intensity or electromagnetic strength to create plasma. As discussed in the
literature in section 2.6 (above), plasma can be induced by a nanosecond laser, a
picosecond laser, or a femtosecond laser. For a nanosecond or picosecond laser pulse,
the interaction is complex [75] as the laser-induced plasma has enough time to grow.
However, a femtosecond laser pulse has very little time to the plasma to grow. Due
to the shorter pulse duration of a femtosecond laser compared to other lasers, a
femtosecond laser has higher efficiency of turning ejected fumes into plasma [76].
This leads to the formation of well-defined plasma even with lower pulse energy.
The femtosecond laser-induced plasma is well-defined although it has very little time

to grow.

Different studies on the laser-induced plasma in aluminium (at A = 780 nm) [76],
silicon (at A = 616 nm) [105], lithium manganese oxide (LiMn2O4) (at A = 248 nm)
[106], and copper (at L = 800 nm) [107] have been reported in the literature.
Spectrometric plasma analysis on metals has been presented in [115]. These
materials were opaque for the laser wavelength used. However, the study on laser-
induced plasma in a transparent material through direct observation, in particular the

effect of the laser-induced plasma during the Z-scan analysis, seems to be lacking.
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In this investigation, the laser-induced plasma during the laser irradiation by
Quantronix Integra-C 1.0 laser amplifier system on Gorilla Glass 2320 will be
studied. Investigations has been conducted at a laser wavelength of 795 nm. At 795
nm, Gorilla Glass 2320 is transparent. High-speed imaging has been employed for
the investigation of the laser induced plasma on Gorilla Glass 2320. Investigation of
plasma formation for Gorilla Glass 2320 would provide insight into laser material
interaction with a transparent material. Moreover, plasma formation at different Z-
positions in the Z-scan technique has been studied. This would give insight into the
effect of the laser-plasma on the Z-scan analysis. Study on the plasma time duration

has been conducted.

5.2 Plasma imaging

During femtosecond laser irradiation, well-defined plasma with high energy
electrons and ions is formed. The laser-induced plasma can be visually observed
during femtosecond laser irradiation. Quantronix Integra-C 1.0 laser amplifier
system at a central frequency of 795 nm with a repetition rate of 1 kHz has been
employed for laser irradiation. In this section, the method employed for the

observation of plasma during femtosecond laser irradiation will be discussed.

The high-speed camera deployed for the observation of plasma, Photron SA5, uses
a complementary metal-oxide semiconductor (CMOQOS) as a photosensor. The
spectral response of the CMOS sensor is shown in Figure 3-3. The solid black line

in Figure 3-3 is the spectral response of the sensor over the spectral range from 400

- 152 -



Chapter 5: Laser-induced plasma during femtosecond laser irradiation

nm to 1100 nm. Figure 3-3shows that the CMOS sensor is highly sensitive around

the central wavelength of the laser system, i.e. A =795 nm.

Figure 5-1 shows six consecutive images, captured by the high-speed camera at a
frame rate of 60 frames per second (fps) with a shutter speed of 1/60 second. The
occurrence of laser illumination is indicated by the presence of glare. It is first
observed in Figure 5-1(b) at 16.667 ms, and subsequently from Figure 5-1 (c) — (f).
The glare is due to the scattering of the laser beam which is then captured by the
camera. The images were taken without any optical filters. As the laser beam is of
high peak intensity, even a small fraction of the reflected laser beam when focused
on the photosensor can permanently damage the pixels array of the sensor. To avoid

damaging the CMOS sensor, an optical filter has been employed.

5.2.1 Optical filter selection

From Figure 5-1, it was observed that the images obtained were not sharp due to
laser beam scattering, with the possibility of damage to the CMOS sensor without
the use of a filter. As there are different filters for different spectral cut-off, cut-on
or band-pass operations, the choice of the type of filter and the spectral band to be
filtered should be considered carefully. Ideally, the filter should only filter out the
laser wavelength and would allow other wavelengths of light to pass through. In
doing so, the possibility of damage to the CMOS sensor will be mitigated and a clear

image of plasma can be obtained without the interference of the laser beam.

For the choice of filter, the following considerations were made:
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1. The optical filter should block any wavelength close to the central laser
wavelength.

2. All the other wavelengths other than the wavelengths around the central laser
wavelength should pass through the filter.

3. The spectral transmission response of the filter beyond the central laser

wavelength should be good.

60 fps 60 fps
1/60 s 1/60 s
+16.667ms +33.333 ms

k] .

1000 pm

60 fps
1/60 s
+83.333 ms

Figure 5-1: Consecutive images of laser irradiation captured at a frame rate of 60
fps and shutter speed of 1/60 s without any optical filter. The laser is operated at
a repetition rate of 1kHz with an average power of 102.05 mW. First laser
irradiation is observed in time 16.667 ms in frame (b). Red-line denotes the

sample surfaces. The laser is irradiated from the surface on the right.
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It was difficult to have a filter that would satisfy all the above-mentioned
considerations. Indeed, it is a challenge to find a filter which will only filter out the
wavelengths around the laser central wavelength. A compromise is to conduct (a) an
experiment with a cut-on filter that filter out the central wavelength and all
wavelengths below it, and (b) then repeat the same experiment with a cut-off filter
that filter out the central wavelength and all wavelengths above it. These two separate
experiments in combination will provide the necessary information on plasma

formation.

Thus, for the experiments, two separate filters were chosen; one cut-off filter and
one cut-on filter. The choice of cut-off wavelength and cut-on wavelength for the
filters were made such that the cut-on/cut-off wavelengths were as close to the
central laser wavelength as possible. This ensured that for the cut-off filter, almost
all the light below the central laser wavelength during the experiment will be
captured by the high-speed camera. Similarly, for a cut-on filter, this will ensured
that almost all the light above the central laser wavelength during the experiment
will be captured. Thus, a cut-off filter with a cut-off wavelength of 750 nm (Thorlabs
part number FESHO0750) and a cut-on filter with a cut-on wavelength of 850 nm

(Thorlabs part number FELH0850) were employed.

Figure 5-2(a) the spectral response of the cut-on filter, FELH0850 and, Figure 5-2(b)
shows the spectral response of the cut-off filter, FESHO0750. It can be observed from
the figure that the cut-off and the cut-on characteristics of the filters are sharp at the

cut-off and the cut-on wavelengths, with almost 100% transmission in the
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transmission region. The cut-on wavelength of FELH0850 and the cut-off
wavelength of FESHO750 are close to the laser central wavelength of 795 nm (55

nm and 45 nm from the laser’s central wavelength respectively).

100 (a) ?_,—_ W

60 4

40 1

Transmission (%)

20+

D ) L ) L} 1 L L ) L
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Wavelength (nm)

100 ﬁ‘.ﬁﬂa—
(b)

80+

60 4

40 4

Transmission (%)

204

0 1 1 1 11 L
200 300 400 500 600 700 800 900 1000
Wavelength (nm)

Figure 5-2: Spectral response of (a) FELHO0850 (cut-on filter with cut-on
wavelength at 850 nm) (b) FLSHO750 (cut-off filter with a cut-off wavelength of

750 nm) (as provided by the supplier)
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However, if during plasma formation, photons of a wavelength which lie between
the 750 nm to 850 nm are emitted, the information will be lost. As it is a narrow

bandwidth, this trade-off should be acceptable.

Figure 5-3 shows the consecutive images obtained during laser illumination using
FELHO0850 cut-on filter. The average laser power during irradiation was 102.05 mW
with a repetition rate of 1 kHz. Other than employing the cut-on filter, the images in
Figure 5-3 were obtained with the same condition as imaging without the filter (as
shown in Figure 5-1), only in this case. The images in Figure 5-3 are images captured
during active laser irradiation. It can be observed that no image is produced using
the cut-on filter. This signifies that there are insufficient (and thus negligible) photon
energy to form a captured image above the 850 nm wavelength during laser

irradiation.
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1/60 s 1/60 s 1/60 s
+00.000 ms +16.667ms +33.333 ms

1000 pm 1000 pm
1/60 s
+50.000 ms

1000 pm
60 fps
1/60 s
+83.333 ms

60 fps
1/60 s
+66.667 ms

1000 pm 1000 pm

Figure 5-3: Consecutive images of laser irradiation captured at a frame rate of 60
fps and shutter speed of 1/60 s using FELHO0850 (cut-on filter with cut-on
wavelength at 850 nm). The laser is operated at a repetition rate of 1kHz with an

average power of 102.05 mW.

Figure 5-4 shows the consecutive images obtained during laser illumination using
FESHO750 cut-off filter. The average laser power of the laser beam was 102.05 mW

with a repetition rate of 1 kHz, the same conditions used in previous imaging. The

images are captured at 60 fps with a shutter speed of 1/60 s.
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60 fps
1/60 s
+00.000 ms

1000 pm

) 60 fps
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+66.667 ms +83.333 ms

-

1000 pm

Figure 5-4: Consecutive images of laser irradiation captured at a frame rate of 60
fps and shutter speed of 1/60 s using FLSHO750 (cut-off filter with a cut-off
wavelength of 750 nm). The laser is operated at a repetition rate of 1kHz with an
average power of 102.05 mW. Red-line indicates the sample surfaces. The laser

is irradiated from the surface on the right.

Figure 5-4 indicates that with the cut-off filter, the glare observed during imaging
without any filter (as in Figure 5-1) was eliminated. Absence of glare means that no
photons of wavelength close to the laser central wavelength are passing through the
filter. It assures the protection of the high-speed camera’s sensor. In addition, without

the scattering photon energy of the laser beam, much sharper images were obtained.
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More importantly, Figure 5-3 and Figure 5-4 indicate that predominantly, the photon
energy generated during laser irradiation was below the laser central wavelength. As
plasma is of high energy, this is an expected result as lower wavelength means higher
energy. As such, with this observation, all subsequent experiments will only be
conducted using the FESHO750 cut-off filter. No further experiments will be

conducted using the FELHO0850 cut-on filter.

In Figure 5-4, the laser is irradiated from the surface on the right. It can be observed
that a trail of plasma can be observed on the right side of the images. In the left
surface, at the exit surface of the laser beam, a glow can be observed in images (b)
through (f). This glow can be attributed to light scattering from the edge of the glass

sample produced during plasma formation. The glow is not the plasma itself.

5.2.2 Plasma observation
In Figure 5-1 and Figure 5-4, images were taken at 60 fps with a shutter speed of
1/60 s. As the repetition rate of the laser is 1 kHz, multiple pulses were captured in

a single image.

To have a deduction on the duration of plasma formation, during laser irradiation,
images of plasma will be captured by the high-speed camera at different frame rate
and different shutter speed. Similarly, FLSHO0750 (cut-off filter with a cut-off
wavelength of 750 nm) will be used during the high-speed imaging. The laser was

focused at the centre of the glass (i.e. z= 0 mm).

Figure 5-5 shows the images captured during laser irradiation on Gorilla Glass 2320

at a camera frame rate of 1000 fps and shutter speed of 1/1000 s. The laser-induced
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plasma during laser irradiation can be observed in the figure. The other experimental

conditions were the same for the images shown in Figure 5-4.

It can be observed that images of the laser-induced plasma are more prominent in
Figure 5-4 compared to images in Figure 5-5. This can be attributed to the repetition
rate of the laser and the camera frame rate. As the laser is operated at 1 kHz, while
imaging with 60 fps, as in Figure 5-4, on average about 17 pulses are captured for a
shutter speed of 1/60 s. However, laser-induced plasma images in Figure 5-5 were
capture for an individual pulse as the shutter speed is 1/1,000 s. It should be noted
here that once the laser was turn on, all the frames captured images of laser-induced

plasma because of the shutter speed matches the laser repetition rate.
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1000 fps (a) 1000 fps (b) 1000 fps
1/1000 s 1/1000 s 1/1000 s
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Figure 5-5: Consecutive images of laser irradiation captured at a frame rate of
1000 fps and shutter speed of 1/1000 s using FLSHO750 (cut-off filter with a cut-
off wavelength of 750 nm). The laser is operated at a repetition rate of 1kHz with

an average power of 102.05 mW. Red-line indicates the sample surfaces. The

laser is irradiated from the surface on the right.

In Figure 5-6, high-speed images of the laser-induced plasma were taken at a frame
rate of 3,000 fps with a shutter speed of 1/3,000 s. Unlike images in Figure 5-5,
images of the laser-induced plasma were not observed in all captured images in
Figure 5-6; rather, the plasma can be observed in every third frame because the

shutter speed is three times the repetition rate of the laser. As such, laser-induced
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plasma is shown in every three consecutive images. This indicates that a single pulse
laser at this power has sufficient energy to induce the plasma. However, as plasma
cannot be observed in any two consecutive frames, this implies that the plasma
decays fast and the laser-induced plasma does not interfere with the next incoming

laser pulse (note: 1 frame here is 1/3 the duration between 2 pulses at this frame rate).

It will be of interest to explore the speed of decay of this laser-induced plasma decay.
For this purpose, more images of the laser irradiation were captured at a higher frame

rates and faster shutter speed.
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Figure 5-6: Consecutive images of laser irradiation captured at a frame rate of

3,000 fps and shutter speed of 1/3,000 s using FLSHO750 (cut-off filter with a

cut-off wavelength of 750 nm). The laser is operated at a repetition rate of 1kHz

with an average power of 102.05 mW. Red-line indicates the sample surfaces.

The laser is irradiated from the surface on the right.

Figure 5-7 shows the images of the laser-induced plasma in Gorilla Glass 2320

captured at a frame rate of 10,000 fps and shutter speed of 1/10,000 s. As the frame
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rate is increased, the number of images captured per pulse increases. Thus, it will not
be practical to show all consecutive images. Instead, only consecutive images that

provide useful information will be shown in Figure 5-7.

10000 fps (a) 10000 fps (b) 10000 fps
1/10000 s 1/10000 s 1/10000 s
+0.100 ms +0.200 ms +0.300 ms

1000 pm 1000 pm 1000 pm

10000 fps ) 10000 fps ) 10000 fps
1/10000 s 1/10000 s 1/10000 s
+1.100 ms +1.200 ms +1.300 ms

1000 pm 1000 pm 1000 pm

10000 fps ) 10000 fps h) 10000 fps
1/10000 s 1/10000 s 1/10000 s
+2.100 ms +2.200 ms +2.300 ms

1000 pm

Figure 5-7: Images of laser irradiation captured at a frame rate of 10,000 fps and
shutter speed of 1/10,000 s using FLSHO750 (cut-off filter with a cut-off
wavelength of 750 nm). The laser is operated at a repetition rate of 1kHz with an
average power of 102.05 mW. Red-line indicates the sample surfaces. The laser
is irradiated from the surface on the right. (Note: - not all images shown are

consecutive.)
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For 10,000 fps frame rate, the laser-induced plasma can be observed only once in
every tenth frame. Thus, consecutive frames before and after the occurrence of the
laser-induced plasma are shown, as the primary concern of this investigation is to
determine the plasma decay time. In Figure 5-7, (a), (b) and (c) are consecutive, (d),
(e), and (f) are consecutive, and (g), (h) and (i) are consecutive images. If the plasma
decay time is to be observed and deduced, it will be observed within the consecutive
frames at the occurrence of the laser-induced plasma. However, even with a frame
rate of 10,000 fps and a shutter speed of 1/10,000 s, the occurrence of the laser-

induced plasma was observed in only one frame per 10 frames.

To further investigate the laser-induced plasma decay, high-speed imaging was
carried out for frame rates of 50,000 fps, 300,000 fps and 930,000 fps with their
corresponding shutter speed of 1/50,000 s, 1/300,000 s, and 1/930,000 s. Figure 5-8,
Figure 5-9 and, Figure 5-10 show the high-speed imaging at frame rates (and shutter
speed) of 50,000 fps (1/50,000 s), 300,000 fps (1/300,000s) and 930,000 fps
(1/930,000 s). Similar to Figure 5-7, all the images in Figure 5-8, Figure 5-9 and,
Figure 5-10 are not consecutive. Only the images before and after the occurrence of

the laser-induce plasma are shown.
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Figure 5-8: Images of laser irradiation captured at a frame rate of 50,000 fps and
shutter speed of 1/50,000 s using FLSHO750 (cut-off filter with a cut-off
wavelength of 750 nm). The laser is operated at a repetition rate of 1kHz with an
average power of 102.05 mW. Red-line indicates the sample surfaces. The laser
is irradiated from the surface on the right. Here in this figure, the images are not

consecutive.
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Figure 5-9: Images of laser irradiation captured at a frame rate of 300,000 fps
and shutter speed of 1/300,000 s using FLSHO750 (cut-off filter with a cut-on
wavelength of 750 nm) The laser is operated at a repetition rate of 1kHz with an
average power of 102.05 mW. Red-line indicates the sample surfaces. The laser
is irradiated from the surface on the right. (Note: - not all images shown are

consecutive.)
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Figure 5-10: Images of laser irradiation captured at a frame rate of 930,000 fps
and shutter speed of 1/930,000 s using FLSHO750 (cut-off filter with a cut-off
wavelength of 750 nm). The laser is operated at a repetition rate of 1kHz with an
average power of 102.05 mW. Red-line indicates the sample surfaces. The laser
is irradiated from the surface on the right. (Note: - not all images shown are

consecutive.)

From Figure 5-8, Figure 5-9 and, Figure 5-10, it can be observed that even at rather
high-speed imaging, the laser induced-plasma cannot be observed in any two
consecutive frames. Even for the highest frame rate used, i.e. of 930,000 fps and
shutter speed of 1/930,000 s, the laser-induced plasma is observed only once in every
930 frames. From this, it may be deduced that the plasma decay time is less than

1/930 ms. The rather short plasma decay time is reasonable as the energy of the
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femtosecond laser is delivered in time less than 1 ps, and plasma is able to sustain

only in the presence of a strong electric field.

As such, it may be concluded that the incoming laser beam is not shielded by the
plasma generated by the previous pulse. There is this possibility of plasma shielding
by the laser-induced plasma occurring within the same given pulse. If plasma is
instantaneously induced as soon as the laser beam is irradiated in the material, the
tail-end of the incoming pulse might experience plasma shielding. However, with

the available experimental set-up, it is not possible to rule out this possibility.

5.3 Plasma formation during Z-scan measurement

Previous section indicates that the laser-induced plasma, if visible, can be observed
with any frame rate and shutter speed. To match the laser’s repetition rate, the study
of laser-induced plasma during the Z-scan measurement was conducted with a frame
rate of 1000 fps and a shutter speed of 1/1000 s. This would allow the capturing of

an image of the plasma induced by an individual laser pulse.

Two different average power levels were employed to study plasma formation,
namely 20.57 mW and 101.65 mW. The z-positions used for the experiments were
z =0 mm (laser beam focused at centre of glass), z = - 0.25 mm (laser beam focused
at entry surface), z= 1 mm, (sample’s centre | mm away from the focus) and z = 2

mm (sample’s centre 2 mm away from the focus). Figure 5-11, Figure 5-12, Figure

-170 -



Chapter 5: Laser-induced plasma during femtosecond laser irradiation

5-13 and, Figure 5-14 show the high-speed images captured at these various z

positions.

1000 fps (a) 1000 fps (b) 1000 fps
1/1000 s 1/1000 & 1/1000 s
+0.00 ms +1.00ms +2.00ms
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+3.00ms +4.00ms +5.00ms
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Figure 5-11: Consecutive images of laser irradiation captured at a frame rate of
1,000 fps and shutter speed of 1/1,000 s using FLSHO750 (cut-off filter with a
cut-off wavelength of 750 nm) with laser beam focused at the centre of the glass
(i.e. z=0 mm). The laser is operated at a repetition rate of 1kHz with an average
power of 101.65 mW. Red-line indicates the sample surfaces. The laser is

irradiated from the surface on the right.
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Figure 5-12: Consecutive images of laser irradiation captured at a frame rate of
1,000 fps and shutter speed of 1/1,000 s using FLSHO750 (cut-off filter with a
cut-off wavelength of 750 nm) with laser beam focused at the entry surface of
the sample (i.e. z =-0.250 mm). The laser is operated at a repetition rate of 1kHz
with an average power of 101.65 mW. Red-line indicates the sample surfaces.

The laser is irradiated from the surface on the right.
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Figure 5-13: Consecutive images of laser irradiation captured at a frame rate of
1,000 fps and shutter speed of 1/1,000 s using FLSHO750 (cut-off filter with a
cut-off wavelength of 750 nm) with laser beam focused at z = 1 mm). The laser
is operated at a repetition rate of 1kHz with an average power of 101.65 mW.
Red-line indicates the sample surfaces. The laser is irradiated from the surface on

the right.
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Figure 5-14: Consecutive images of laser irradiation captured at a frame rate of
1,000 fps and shutter speed of 1/1,000 s using FLSHO750 (cut-off filter with a
cut-off wavelength of 750 nm) with laser beam focused at z = 2 mm The laser is
operated at a repetition rate of 1kHz with an average power of 101.65 mW. Red-
line indicates the sample surfaces. The laser is irradiated from the surface on the

right.

In Figure 5-11, Figure 5-12 and, Figure 5-13 , laser-induced plasma can be observed.
This implies that at z = 0 mm, z = - 0.250 mm and z = 1 mm, the intensity of the
laser beam is high enough to ablate the material and the ablated plume is transformed
into plasma. However, at z = 2 mm, Figure 5-14 indicates that the laser-induced

plasma cannot be observed. In Chapter 4, section 4.4 (above), it was observed that
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for laser power level around 100 mW, there is nonlinear absorption; however, the
laser power absorbed is not sufficient to ablate the material. Without the ablation of

material, there will not be formation of laser-induced plasma.

The same high-speed imaging was carried out for an average laser power of 20.57
mW for the same z-locations. However, there was no evidence of any laser-induced
plasma at the given average power level in any of the z-locations. This implies that
at an average laser power level of 20.57 mW, the intensity of the incoming laser
beam is not sufficient for the ablation of the material and thus the formation of

plasma at any z-positions.

5.4 Summary

The laser-induced plasma during femtosecond laser irradiation of Gorilla Glass 2320
was observed using high-speed imaging. To our knowledge, this is the first attempt
on direct observation of the laser-induced plasma in a transparent material, Gorilla
Glass 2320. Moreover, the effect of the laser-induced plasma during the Z-scan
analysis has never been analysed. This investigation is the first attempt to study the
effect of the laser-induced plasma during the Z-scan analysis. For the investigation,
images of the laser-induced plasma were taken at different frame rates and shutter

speeds, using different optical filters.

Two different optical filters, one cut-on and another cut-off, were employed during

the high-speed imaging. The cut-on filter has a cut-on wavelength of 850 nm. With
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this filter, no laser-induced plasma could be imaged. In contrast, with a cut-off filter
with a cut-off wavelength of 750 nm, laser-induced plasma could be observed. This
signifies that the photon energy of the laser-induced plasma is below 750 nm,

indicating that the plasma is of high energy as expected.

Using the cut-off filter, high-speed images at different frame rates and shutter speeds
were taken. It was observed that the laser-induce plasma decays rapidly. Although
the exact time of plasma decay could not be ascertained, it was determined to be less
than 1/930 ms. Therefore, it can be concluded that for a laser repetition rate of 1 kHz,
the laser-induced plasma will not interact with the subsequent incoming laser pulse,
and thus no plasma shielding of the subsequent pulse. However, plasma shielding

within the same given pulse could not be ruled out.

The laser-induced plasma at different z-locations in Z-scan experiments was
observed through high-speed imaging. At high laser power, the laser-induced plasma
was observed when the sample was placed near the focal plane of the laser beam. As
the sample is moved away from the focal plane, even though the sample is within
the nonlinear absorption region, the peak intensity of the laser beam at the sample
surface is reduced. This reduced intensity is not sufficient to ablate the material, and
thus plasma formation. In contrast, at low laser power, the laser could not induce
plasma at any z-locations. This is because at low laser power, the laser beam could
not ablate the material. This indicates that the Z-scan experiments for nonlinear
characterization would produce more accurate results at lower laser power. The

reason is that at low laser power, the losses due to plasma shielding and ablation will
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not occur, resulting in more accurate determination of the coefficients of linear and

nonlinear absorption.
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Chapter 6: Thermal characterization of material during
laser irradiation

6.1 Introduction

During laser irradiation of a material, significant energy is absorbed by the material.
The total percentage of the incident laser power that was deposited into material had
been studied by Tran et al. [77-79]. In copper, silicon and steel, more than 50%,
66.7% and 67% respectively of the total incident laser energy was deposited into the
material [77-79]. All the materials investigated were opaque for the central

wavelength of the laser used (A=775 nm).

Ever since the pioneering work of Mansoor Sheik-Bahae et al. [14, 15], the Z-scan
technique has been used to characterize the nonlinear characteristics of different
materials [25, 28, 30, 33-35, 38-40, 43]. In the study reported in chapter 4, a new
method for the computation of the linear and nonlinear absorption coefficients has
been proposed with the introduction of the nonlinear absorption threshold intensity.
Although verification of the obtained coefficients of absorption was carried out in
Chapter 4 using the Z-scan technique, it will be of interest to verify the results
obtained independently. This can be achieved by correlating the observed
temperature fields to that predicted as a result of the absorbed laser energy during
laser irradiation. This will allow an evaluation of the accuracy of the determined

values of coefficients of absorption and the nonlinear absorption threshold intensity.
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In this investigation, the energy absorbed during laser irradiation by Gorilla Glass
2320, which is transparent at the central laser’s wavelength of 795 nm, will be
studied through thermal characterization. The thermal energy deposited into the
material will be observed using a thermal camera, FLIR® Silver SC5000 Medium
Wave Infrared (MWIR). The temperature profile at the surface of the sample at
different z-positions was observed during laser irradiation by the Quantranix Integra-
C 1.0 laser amplifier system. The experimental procedure for this observation has

been discussed previously in section 3.4.2 (above).

A theoretical mathematical model for laser heat absorption and thermal transport as
aresults of laser irradiation has been developed. The mathematical model was solved
using finite element software, COMSOL Multiphysics. Conclusion can be drawn
from the comparisons between the observed temperature fields and the simulated
temperature fields. The allows an independent evaluation of the determined
nonlinear absorption threshold intensity, the coefficient of linear absorption, and the

coefficient of nonlinear absorption calculated in chapter 4 (above).

6.2 Theoretical analysis

The mathematical model is modelled using the laser intensity. Followings are the

assumptions employed during the analysis:

1. The axis of the laser beam is perpendicular to the surface being irradiated.
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2. Thermal properties of Gorilla Glass 2320 are assumed constant, i.e. they do
not vary with temperature. All the material properties are as reported at
ambient air condition of 25 °C.

3. The incoming laser beam has Gaussian temporal profile and Gaussian spatial
profile, the same assumption as previously reported in section 4.2 (above).
The intensity profile of the incoming laser beam irradiated at the surface can

be written as described in equation (4-3) as:

r2 (t— t0)2> (4-3)

207 207

I,(r,t) =1,(2)exp <—

4. The investigation has been conducted at low average laser power with no
ablation and plasma formation as observed in Chapter 5 section 5.3 (above).
Thus, phase change and material ablation during laser irradiation can be

neglected.

In this chapter, the same z-location approximations have been used as described in

section 4-(above) unless specified otherwise.

6.2.1 Governing equation
The second-order parabolic partial differential is used to describe the conductive heat

transfer temperature distribution:

oT 6-1
pcpE+ V.(-kVT)=10Q (6-1)
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Where p is the density of the material, ¢, is the specific heat capacity of the material

at constant pressure, k is the thermal conductivity of the material, T is the temperature

as a function of time, and Q is the net heat deposited on the material.

6.2.2 Heat source
The heat source can be approximated as a volumetric heat source:

===

—al (6-2)

Q

Equation (6-2) is a first-order decay equation which dictates how the intensity (I)
decreases along the z-direction. The decrease in intensity depends on a, which is the
overall absorption coefficient of the material. The overall absorption coefficient of

absorption is previously described in section 4.2.1 (above) by equation (4-4) as:

aO v I(Zl T, t) < Ith (4'4)

a = I(z,1,t)
a, +aq-

VI(z1,t) = Iy
It

Where «, is the coefficient of linear absorption, a; is the coefficient of nonlinear
absorption, with the same unit as a,, and Iy is the nonlinear absorption threshold

intensity.

As the laser propagates through the material, the laser energy is absorbed by the
material. The amount of energy absorbed per elementary volume is defined by
equation (6-2). This absorbed energy acts as the heat source for laser heating. It is

further noted that the laser beam is a focused laser beam. As such the beam profile
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within the material can be modelled using equation (3-1) described in section 3.3.2

(above).

6.2.3 Boundary conditions

The experimental procedure for the direct observation of the laser beam irradiation
on Gorilla Glass 2320 is described in Chapter 3, section 3.4.2 (above). As shown in
Figure 6-1, the laser is irradiated on surface 5 (shown by the arrow in Figure 6-1),
and is 1 mm away from the surface 2 for observing temperature distribution for
different z-locations, see section 3.4.2 (above) . The model is constructed to account

for these boundary conditions.

In the experiment, the sample geometry is symmetrical about a vertical plane along
the propagation direction of the laser beam. The model can be simplified by applying
symmetrical boundary conditions to reduce computational time and resources. The

symmetrical boundary condition is shown as surface 4 in Figure 6-1.
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Figure 6-1: Orientation of the sample during laser-material interaction
simulation. Numbers provide the references to the specific surfaces. Arrow

indicates the location and direction of the laser beam.

As the sample is heated up by laser beam, there is heat exchange between the sample
and the environment. There are two significant modes of heat exchanges between
the material and the environment, namely radiative heat transfer and convective heat
transfer. These two modes of heat transfer are responsible for the loss of energy from

the system to the environment. They can be described by:
—kVT = eo(T}t,, — T (6-3)

—kVT = h(Tgmp — T) (6-4)
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Equation (6-3) and equation (6-4) describe respectively the radiative and
convective heat transfers, where k is the thermal conductivity of the material, € is the
radiative emissivity of material, ¢ is the Stefan’s Boltzmann Stefan’s constant equals
to 5.67x10°8 W/(m? K% [111], h is the convective heat coefficient (discussed in

Appendix 1V), and Tamp is the ambient room temperature which is set at 21°C.

For surface 4, there is no heat flux across the surface as it is a plane of symmetry and
is internal to the material. As laser irradiation time was short (5 s), there will be
hardly any temperature change for surfaces 1 and 3, as they are far away from the
laser irradiation location. Most to the heat loss will be through surfaces 5 and 6 due
to its large surface areas and proximity to the laser beam. Although there is less heat
loss through surface 2 due to its small surface area, at the vicinity of the laser
irradiation location, there will be significant temperature increase. Indeed, the
temperature profile of surface 2 is to be monitored experimentally by the thermal

camera.

As such, for boundary conditions, radiative and the convective heat transfers are
applied to 3 surfaces, namely surfaces 2, 5 and 6; constant ambient room temperature

(21°C) boundary condition is applied to surfaces 1 and 3.

6.2.4 Meshing and computational time steps

The sample was discretized into elements. 99027 triangular prism elements were
used for the discretization of the sample of 5 mm x 2.5 mm x 0.25 mm sample. At
the vicinity of the laser irradiation location, much finer mesh was employed, with a

maximum elemental size less than 1 um.

- 184 -



Chapter 6: Thermal characterization of material during laser irradiation

Two computational time steps were used for each pulse repetition, i.e. over a duration
of 1 ms. They are (a) 100 time steps of 10 fs each (total duration of 1,000 fs). At
500s, it is at the peak power intensity of the laser pulse. As the femtosecond laser
has a single pulse duration of 130fs, these fine time steps will fully encompass the
active lasing duration when rapid temperature changes can be expected, and (b) 5
time-steps between 1 ps to 1 ms during passive lasing when rapid temperature
changes are not expected. These time steps are repeated over a period of 5 s, i.e. the

total laser irradiation time.

6.3 Experimental observations of thermal profiles

The direct observation of the temperature field during laser irradiation was
conducted as described in Chapter 3 in section 3.4.2 (above). A schematic diagram
of the experimental setup for the observation is shown in Figure 3-2. Experiments
were conducted at an average laser power of 20.06 mW. At this laser power, there is
no ablation and plasma shielding, as previously discussed in Chapter 5, section 5.3.2
(above). This avoids the complication introduced by energy losses associated with

ablation and plasma shielding.
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6.3.1 Spatial temperature distribution
The temperature observations were taken in different z-locations. Figure 6-2 shows

the temperature distribution at the surface of the glass
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Figure 6-2: Temperature profile distribution at the surface of the glass with z-
distance varied from - 2 mm to 2 mm, at 1 s time intervals. The dotted white line

shows two surfaces of the glass.

The results in Figure 6-2 are consistent with the results observed on laser power

absorption shown in Figure 4-7), indicating thatz=-1mm,z=0mmand z=1 mm
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lie in the region of nonlinear absorption. As a result of nonlinear absorption, these z-
locations had higher absorption and thus significant heating of the glass. In contrast,
z=-2mm and z =2 mm lie in the region of linear absorption. There was no
significant heat absorbed by the material, and thus the lack of thermal footprint at z

=-2mmand z =2 mm in Figure 6-2.

For nonlinear absorption, Figure 6-2 indicates that laser heating is similar to a heating
source close to the surface. This is consistent with our earlier finding shown in Figure
4-12, that most of the energy is absorbed near the surface of entry of the laser beam.
When the high-intensity laser beam experiences nonlinear absorption by the material,
its intensity decays quickly. Once the intensity of the laser beam is below the
nonlinear absorption threshold intensity, it can only undergo linear absorption, with

little heat absorbed and thus little heating.

6.3.2 Temporal temperature distribution

For the analysis of temperature distribution during laser irradiation, four points were
chosen on the sample surface, and Figure 6-3 shows a sample result. In Figure 6-3,
the points B, C and D are 100 um away from the centre of the laser irradiation point
A. Subsequent analysis of the temporal temperature profile will be carried out using

the sample acquired from these four locations.
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Figure 6-3: The sampling locations for the analysis of temporal temperature

profile.

The temporal temperature distribution curve for the aforementioned sampling points
was obtained, see Figure 6-4. Figure 6-4 shows that the observed maximum
temperature increase is at z = 0 mm. The maximum temperature observed of 68.97
°C for z = 0 mm is at position A. It should be noted that point A was not the location
of the laser irradiation, which was 1 mm away from point A in the direction
perpendicular to the plane of the paper. At z = 0 mm, the laser focal plane matches
with the central plane of the glass, as such the intensity of the irradiated laser beam
is at its maximum. With high-intensity irradiation, there is high absorption as a result

of the nonlinear absorption. The absorbed energy is subsequently conducted into the
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material as heat, raising its temperature. The temperature readings that can be
measured in points A, B, C, and D are in fact the result of the conducted heat from

the site of laser irradiation.

Temperature (°C)

O(e) 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Figure 6-4: Temporal temperature distribution at the surface perpendicular to the
surface of laser irradiation for (@) z=-2mm, (b) z=-1mm(c) z=0mm, (d) z

=1mmand (e) z=2mm

A similar rise in the temperature can be observed at these four sampling points at z
= -1 mm and at z = 1 mm, see Figure 6-4. The maximum temperature of 44.35 °C
and 43.68 °C were observed at the sampling location Aforz=-1mmand z=1 mm
respectively. The rise in temperature at these z-locations is less than that observed at

z=0mm. Atz=-1mmand z =1 mm, the sample’s central plane is + 1 mm away
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from the focal plane of the laser. Comparing to the diameter of the laser beam
entering the surface at z = 0 mm, the diameter of the laser beam entering the surface
at these z-locations is larger. This results in a decrease in laser intensity at the entry
surface. With a decrease in laser intensity, the efficiency of nonlinear absorption
decreases. As a result, the heat absorption decreases with an associated decrease in
heat conduction into the material. This explains the smaller temperature increase

observedatz=-1mm and z=1 mm than at z= 0 mm.

As the z-position is moved further away from the focal plane, i.e. at z=-2 mm and
z =2 mm in Figure 6-4, no temperature rise can be observed. This is consistent with
the observation that as the distance between the sample and the laser focal plane
increases, the diameter of the incoming laser beam at the surface of irradiation
increases. With an increase in diameter, the intensity decreases. At z=-2 mmand z
= 2 mm, the intensity of the incoming laser beam was less than the nonlinear
absorption threshold intensity; this means that there was no nonlinear absorption of
the laser beam energy. As such, the only mode of absorption is linear absorption
which results in insignificant energy absorption, and negligible temperature rise as

shown in Figure 6-4 at z=-2 mm and z = 2 mm.

All the temporal temperature distributions are consistent with the results obtained in
Chapter 4 section 4.4 (above). The temperature distributions obtained at these z-
locations confirms that there exists region of linear and region of dominant nonlinear
absorption. For the sample presented, in the region of linear absorption, there is

insignificant change in temperature within the material. In contrast, in region of
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dominant nonlinear absorption, there is a significant increase in temperature. This
reaffirms that there exists a threshold intensity below which there is only linear
absorption, and above which there is both linear and nonlinear absorption. The
temperature profiles observed experimentally provide the justification for the

proposed nonlinear absorption intensity threshold.

6.3.3 Simulation of thermal profiles

To simulate the observed temperature profile, numerical simulations were conducted
with COMSOL Multiphysics, a finite element software. The mathematical model
described in section 6.2 (above) was employed for the computation of the
temperature field during laser irradiation. The simulations were carried out for the

same average laser power of 20.06 mW for the experimental observations.

For the simulations, the average values of the coefficient of linear absorption, the
coefficient of nonlinear absorption, and the nonlinear absorption threshold intensity
as calculated in section 4.4 (above) were used, namely ao = 2.01 cm™, a1 = 0.0013
cm?, and I = 42.1 x 10* W/cm?. The absorbed laser power calculated at the
various locations is assumed to be the heating source at the corresponding locations.
The simulated and corresponding experimental temperature results at different z-

locations are presented in Figure 6-5 through Figure 6-9.
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Figure 6-5: Simulated and experimental temporal thermal profiles at z=-2 mm

at sampling locations (a) A, (b) B, (c) C, and (d) D(see Figure 6-3)
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x Experimental data |
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Figure 6-6: Simulated and experimental temporal thermal profilesat z=-1 mm

at sampling locations (a) A, (b) B, (c) C, and (d) D(see Figure 6-3)
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Figure 6-7: Simulated and experimental temporal thermal profiles at z =0 mm at

sampling locations (a) A, (b) B, (c) C, and (d) D (see Figure 6-3)
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Figure 6-8: Simulated and experimental temporal thermal profiles at z =1 mm at

sampling locations (a) A, (b) B, (c) C, and (d) D(see Figure 6-3)
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Figure 6-9: Simulated and experimental temporal thermal profiles at z =2 mm at

sampling locations (a) A, (b) B, (c) C, and (d) D(see Figure 6-3)

The simulated results are in excellent agreement with the experimental results.
Similar to the experimental results, it was observed that with the employed values of
the coefficients of absorption and the nonlinear absorption threshold intensity, the
linear and the nonlinear regime can be distinguished. At z = 0 mm, the simulated

result yielded the maximum rise in temperature in the sample as there was maximum
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nonlinear absorption. At z = - 1 mm and z = 1 mm, nonlinear absorption remained
and thus there were noticeable temperature increase. Consistent with experimental
observations, at z = - 2 mm and z = 2 mm, there were negligible temperature rise in

the sample as there was only linear absorption.

From the excellent agreement between the predicted and experimentally observed
temperature profiles presented in Figure 6-5 through Figure 6-9, it can be reaffirmed
that the coefficient of linear absorption, the coefficient of nonlinear absorption and
the nonlinear absorption threshold intensity calculated in section 4.4 (above) in

Chapter 4 are excellent approximations of the actual values.

6.3.4 Summary

The temperature distribution on the sample surface during laser irradiation by a
femtosecond laser (Quantronix Integra-C 1.0 amplifier system) on Gorilla Glass
2320 was studied at different z-locations. Subsequently, a mathematical model for
heat transfer to account for the laser energy absorbed during laser irradiation was
developed. The developed model was solved using COMSOL Multiphysics, a finite

element software.

During laser irradiation, the laser energy is absorbed by the material as heat. The
absorbed heat is then transferred to the material increasing its temperature. This
process of heat transfer during laser irradiation was directly observed using a thermal
camera, FLIR MWIR SC5000. From the temperature distributions obtained, it was
observed that at and around the focal plane of the laser beam, the temperature rise of

the sample was high; however, as the sample is moved away from the focal plane no
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significant temperature rise was observed. This can be attributed to high laser
intensity around the focal plane which leads to nonlinear absorption. In contrast,
away from the focal plane, there is low laser intensity which cannot initiate nonlinear
absorption, but only linear absorption. From the observed temperature profiles,
regions of linear and nonlinear absorption can be deduced. This provides the
justification of having a nonlinear absorption threshold intensity for the describing

of the overall absorption coefficient.

The observed spatial distribution of temperature along the sample surface indicated
that the majority of the total laser energy is absorbed near the entry surface of the
sample. The absorption occurs along the thickness in the laser propagation direction.
Due to nonlinear absorption, the laser power intensity decays quickly. This rapid
decay results in a change in the mode of absorption from nonlinear to linear, resulting
in little energy absorbed. This reaffirms the findings obtained in Chapter 4, section
4.4.2 (above), in that the laser intensity within the material decays quickly, within

220 um into the material.

A mathematical model was developed for modelling the thermal heat transfer into
the material during laser irradiation. The laser heating source was first calculated as
power absorbed by the materials as dictated by the values of the coefficients of
absorption and the nonlinear absorption threshold intensity obtained in Chapter 4
section 4.4. The excellent agreements between the simulated and the experimental

results indicate that the values of the coefficients of absorption and the nonlinear
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absorption threshold intensity previously determined are good approximation of the

true values.
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Chapter 7: Conclusions and future work

7.1 Conclusions

Ever since the development of Q-switching and mode-locking techniques, the
ultrashort pulsed laser has been used in material processing and research. The
ultrashort pulsed laser-material interaction is a complicated process, and an in-depth
study is required. Over the years, studies have been conducted to understand
ultrashort pulsed laser-material interaction; however, there are still outstanding

issues to be addressed. These include:

(a) effects of the linear and non-linear coefficients of absorption and the proposed
nonlinear absorption threshold intensity for the quantification of laser power
absorption during ultrashort pulsed laser irradiation, in particular for a transparent or

semi-transparent material;

(b) the necessity or appropriateness of employing the concept of “thick” or “thin”
material classification based on Rayleigh length, especially during Z-scan analysis,
and the associated beam intensity distribution within the transparent material during

ultrashort pulsed laser irradiation;
(c) the effects of laser-induced plasma during ultrashort pulsed laser irradiation;

(d) the thermal effect induced by the ultrashort pulsed laser on a transparent or semi-
transparent material and the subsequent heat conduction after laser power absorption

in the material.
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To address these outstanding issues, a femtosecond laser (Quantronix Integra C-1.0
laser amplifier system) with a pulse width duration of 130 fs (FWHM), central laser
wavelength of 795 nm, and repetition rate of 1 kHz, has been employed as the
ultrashort pulsed laser for the investigation. Gorilla Glass 2320 of thickness 500 um
has been chosen as the sample as it is not totally transparent at the central laser
wavelength of Quantronix Integra C-1.0. This allows the investigation to focus on

nonlinear absorption, but with contribution from linear absorption.

The outcomes of the investigation may be summarized as:

(a) Proper representation of the coefficients of linear and nonlinear absorption
and the proposed nonlinear absorption threshold intensity for the
quantification of laser power absorption during femtosecond laser
irradiation in a transparent material at a given laser wavelength.

Hitherto, the overall coefficient of absorption has been conventionally

expressed as:

a(l) =a+ pI (1-1)

As discussed, equation (1-1) has deficiencies in that (a) nonlinear absorption
always exists, even in the linear absorption region, and (b) there is no
consistency between the units of the absorption coefficients, with different
units between the linear coefficient of absorption a and the nonlinear

coefficient of absorption g.
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To address these deficiencies, in this study, the overall coefficient of

absorption has been expressed as:

a, VI(z1,t) <l (4-4)

a= I(z,1,¢t)

(lo+a1' VI(Z,T,t)ZIth

Itn

In contrast to the previous studies, the nonlinear absorption threshold
intensity I, has been introduced in the overall absorption coefficient
description. This is an important departure with the existing approach as with
the introduction of I, it allows the delineation and identification of the

region of linear absorption from the region of nonlinear absorption.

In addition, through the introduction of I,;,, the inconsistency in unit is
resolved in that both the linear coefficient of absorption a, and nonlinear

coefficient of absorption a, have the same unit.

Indeed, this investigation reveals that without the introduction of nonlinear
absorption threshold intensity I,;,, the conventional approach will not result
in any meaningful linear and nonlinear coefficients of absorption which can
describe well the experimental observations. This is because without 1,4, the
equation in the existing literature, namely equation (1-1), indicates that there
will always be nonlinear absorption at any laser power intensity; this is not

exactly valid at low laser power intensity.

This new formulation for absorption coefficients forms the foundation for

this investigation to quantify simultaneously the coefficient of linear
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absorption, the coefficient of nonlinear absorption, and the nonlinear
absorption threshold intensity of a materiel, in particular Gorilla Glass 2320.
Without the new formulation, it will be impossible to investigate the interplay
between linear and nonlinear absorption, in particular the nonlinear

absorption threshold intensity.

For the experimental investigation, the Z-scan technique was employed for
the study of laser power absorption during laser irradiation. The investigation
was carried out at three laser power levels of 21.80 mW, 58.21 mW, and
99.64 mW. The linear and nonlinear absorption coefficients were determined
respectively to be 2.01 cm™+0.08 cm™ (uncertainty less than 5%) and 0.0013
cm*+ 0.0002 cm™ (uncertainty less than 15%), and the coefficient of
nonlinear absorption threshold intensity to be 42.1 x 10'2 W/cm? + 1.89 x

10*2 W/cm? (uncertainty less than 5%).

With the computed values of the coefficient of linear absorption, the
coefficient of nonlinear absorption, and the nonlinear absorption threshold
intensity, excellent agreement was obtained between the calculated

absorption and the experimentally observed absorption.

(b) The necessity or appropriateness of employing the concept of “thick” or
“thin” material classification based on Rayleigh length, especially during Z-
scan analysis, and the associated beam intensity distribution within the

transparent material.
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In Chapter 4, section 4.4.2, Rayleigh length is given as [14, 15]

Tw? (4-25)
ZR - /1

In the literature, any sample with thickness less or greater than the Rayleigh
length is classified as a thin or thick sample respectively. Different analyses
of laser power absorption are applicable depending if the sample is “thin” or
“thick”. In a thin sample, it is believed that the material undergoes nonlinear
absorption throughout the thickness when the sample is very close to the
focal plane of the laser beam, with the implicit assumption that the laser beam

profile remains constant as it traverses the sample.

However, the justification of using the Rayleigh length to classify the sample
“thickness” with the associated different analyses has not been spelt out.
Indeed, Rayleigh length is related to the laser beam profile, and its

application to sample “thickness” is not obvious or appropriate.

For the current investigation, the Rayleigh length of the laser beam is 889
um; the 500 um thick Gorilla Glass sample will be considered as a “thin”
sample. At z = 0 mm with an average laser power of 21.6 mW, laser power
intensity decay along the axial line of beam propagation within the glass
sample was studied. There was nonlinear and rapid decay of the laser
intensity as the laser beam propagated through the medium. At a depth of 220
um from the entry surface, the intensity had already decreased significantly

and was below the nonlinear absorption threshold intensity. Thus, when the
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laser beam travelled further into the medium, there would be linear
absorption and without any significant nonlinear absorption. This indicates
that even for a so called “thin” sample, the mode of absorption at a different
thickness location can be different. This study also indicates that the laser
beam profile will not remain constant. It evolves as it travels through the
thickness of the “thin” sample due to nonlinear absorption. Thus, it can be
concluded that the classification of the “thickness” of the material based on
Rayleigh length is not appropriate. Rather, to gain a good insight, it is
necessary to take into consideration the unique characteristics of nonlinear

absorption for all sample thickness.

Avoiding the pitfall of having the Rayleigh length to classify the sample
thickness and the associated analytical methods, this investigation formulates
and develops a universal analytical framework with the associated numerical

procedures which is applicable to any sample thickness.

(c) Plasma formation and plasma shielding during femtosecond laser
irradiation
During short-pulsed laser irradiation of a material, laser-induced plasma is
formed. As a femtosecond laser has very high-power intensity, the efficiency
of inducing a plasma is high. Hitherto there is no direct observation of the
laser-induced plasma in glass, and the effect of the laser-induced plasma

during femtosecond laser irradiation has yet to be studied.
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In this investigation, direct observation of the laser-induced plasma on
Gorilla Glass 2320 has been studied using a high-speed camera Photron SA5,
with a cut-on filter or a cut-off filter. Well-defined plasma images could be
observed with a FESHO750 filter (a cut-off filter with a cut-off wavelength
of 750 nm), and no plasma images could be observed with a FELHO0850 filter
(a cut-on filter with a cut-on wavelength of 850 nm). This indicates that the
plasma photon energy generated during laser irradiation was below 750 nm
but not above 850 nm. This is an expected result, as plasma is of high energy,
and lower wavelength means higher energy.

To explore if the plasma formation has any effect on the laser power
absorption behavior, an attempt was made to study the laser-induced plasma
decay time. However, despite of employing a rather high imaging frame rate
of 930,000 fps, the laser-induced plasma could not be observed in any two
consecutive frames. As such, with the experimental set-up in this
investigation, it is not possible to deduce the plasma decay time. Instead, it
can be concluded that the plasma generated has a rapid decay, and that the
plasma generated by one pulse will not interact with the next incoming pulse
at a pulse repetition rate of 1kHz. Thus, there will not be any plasma shielding
on the next incoming pulse.

The laser-induced plasma was observed for different sample z-locations in
the Z-scan experimental setup at low and high average laser powers. For high
laser power, plasma could only be observed when the sample was placed at

or near the laser focal plane, but not when it was away from the focal plane
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even when there was nonlinear absorption. For low laser power, plasma could
not be observed even when the sample was at the focal plane. This indicates
that the laser power intensity must be sufficiently high to ablate the material
for plasma formation to occur, and that nonlinear absorption alone is not a

sufficient condition to ensure plasma formation.

(d) Thermal effect induced by the femtosecond laser and subsequent heat
conduction after laser power absorption in the transparent material.
The laser power absorbed by the material during laser irradiation is
subsequently dissipated into the bulk of the material as heat, raising its
temperature. A thermal camera was employed for the direct observation of
the temperature field during laser irradiation. Thermal images were taken
during laser irradiation at an average laser power of 20.06 mW at different z-
locations.
Simultaneously, the absorbed laser power was computed using the
determined coefficients of absorption. This computed absorbed laser power
was used as the heat source for the prediction of the temperature profile of
the samples for the corresponding experimental conditions. Excellent
agreements were obtained between the predicted and experimentally
observed temperature profiles. This provides an independent assessment of
the good approximation of the previously determined linear and nonlinear

coefficients of absorption, and the nonlinear absorption threshold intensity.
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7.2 Future work

For further studies and investigations, the following are recommended:

1. Nonlinear absorption properties of Gorilla Glass 2320 have been studied in
this investigation. As a new formulation for the nonlinear absorption
coefficient has been proposed, similar investigations of nonlinear absorption
on other transparent, semi-transparent, and non-transparent materials could
be carried out to verify the general applicability of this proposed
methodology.

2. In this investigation, the power level was chosen in such a way to avoid
ablation and plasma shielding such as not to introduce complications in the
determination and verification of the absorption coefficients. Investigations
at higher laser power with ablation and plasma formation should be
conducted to further verify the accuracy of the determined absorption
coefficients.

3. The model developed can account for varying laser beam diameter of a
focused beam. As the thickness of the sample used was 500 um, it was
assumed that the change in beam diameter due to self-focusing or self-
defocusing is negligible. It will be of interest to investigate the effect of
changes in beam diameter as a result of a material’s nonlinear refractive

index.
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4. As Gorilla Glass 2320 is a chemically strengthened glass, it has compressive
stress at the surface and tensile stress in its interior. The interaction between
the thermal stress generated during laser irradiation and the residual

compressive/tensile stress may be studied.
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Appendix |

Thermal camera calibration

During thermography, the camera receives radiance from the object under
observation, atmospheric thermal radiation, reflected thermal radiation of the
surrounding objects and camera’s internal thermal radiation due to its own internal
temperature, see Figure . The internal thermal radiation of a camera is normally

compensated by the camera software itself [116].

Object Atmospheric

o Atmosphere
— emission

Camera internal surrounding
emission

Emission from object
—4| Detector

Reflected emission of surrounding
object

Figure Al-1: Various sources of infrared received by the infrared camera during
thermography. It shows the attenuation of the infrared signal from an object due
to optical path’s absorption, reflected emission of surrounding objects, internal

camera surrounding, and atmospheric emission.

The most significant noise is from the surrounding objects, for example, gas and

moisture in the atmosphere. For any incident radiation, there will be reflection,
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diffusion, scattering, and absorption. Therefore, to compensate for the attenuation

loss, the scattering or absorption in the surrounding should be examined.

In addition, to minimize the effect of reflected thermal radiation from the
surrounding object, an experiment is best to be conducted in an enclosure (closed
system). The walls of the enclosure are painted black to minimize any reflectance of

the objects in the closed system.

With these considerations, the radiation received by a thermal camera can be

summarized as:
Rr} = ERT + Rbg (Al'l)

Where R is radiation received by the camera, € is the emissivity of the object under
observation, Rt is the radiation of black body at the temperature of the object under
observation, and Rpg is background radiation which includes all the parameters
affecting the camera’s radiance reading. With the camera operated in medium-wave
infrared, the attenuation from the surrounding is negligible and the atmospheric
attenuation can be neglected [110]. The reflected radiance from the surrounding can
also be neglected as the closed system is painted black. The radiance from the
internal temperature of the camera is autocorrected by the thermal camera software.

Thus, the term Ryg in equation Al-1 can be neglected.

To further minimize the error, the surface of the object under observation was painted
black with PNM400 black paint from RS to approximate a black body, which has an

emissivity close to unity, i.e. € ~ 1. Hence, equation (Al-1) can be written as
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Ry = Ry (A1-2)

Calibration of thermal camera

For accurate temperature readings, the thermal camera must be properly calibrated.

The temperature calibration was performed with thermocouples.

Materials and devices employed

For the calibration experiment, an infrared thermal camera, thermocouples, a
thermometer, thermal epoxy glue, chemically strengthened glass, and black paint

have been used.

Chemically strengthened glass

Gorilla Glass with code Gorilla 2320 from Corning Inc. was used for the experiment.
Infrared Thermal Camera

FLIR® Silver SC5000 Medium Wave Infrared (MWIR) camera has been employed
for thermography. It has a highly sensitive Indium Antimonide (InSh) focal plane
array for IR measurement. The thermal camera can be operated up to 380 Hz at full
frame rate. The camera has a 27 mm embedded lens with focal number f/3. For the
current experiments, medium wave G3 F/3.0 lens with magnification number 3 + 5%
was employed. The MW G3 lens operates at the spectral band of 3.7 um to 5.15 pm.

The focal point of the lens is 38.8 mm + 0.01 mm from the objective lens. The
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resolution at which the camera can be operated using MW G3 lens is 320 x 256 for
30 um pitch detector and 630 x 512 for 15 yum pitch detector. Thus, small area

temperature can be precisely measured with high accuracy.

Hot plate

Heidolph MR Hei-Tee hot plate was used to heat the Gorilla Glass. The maximum
temperature of the hot plate is 300°C. For the calibration, the temperature was

increased from 20°C to 240°C.

Thermocouple

Two Type K thermocouples with a tip diameter of 0.2 were employed. The accuracy
of the thermocouples is +/- 1°C. Two thermocouples were used to measure the

surface temperature of the black painted gorilla glass.

The thermocouple readings were recorded by a four-channel data logging
thermometer purchased from General Tools. It has a full-scale operating range of -
200°C to 1260°C. The minimum response time of the data logger is 1s. The resolution

of the thermocouples’ data logger is 0.1°C with an accuracy of + 2°C,

Thermal bonding epoxy

To ensure proper thermal contact between the thermocouple and the Gorilla Glass,
TBS Thermal bonding epoxy purchased from RS Components Pte. Ltd. was used.
The thermal conductivity and specific heat capacity of TBS bonding epoxy are 1.1

W/mK and 0.5 cal/g/°C (at 30 °C) respectively.
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Paint

To ensure the emissivity from the surface is close to unity, PNM400 black paint
purchased from RS Components Pte. Ltd. was used to paint the surface under

observation.

Calibration experimental setup

The experimental setup for the calibration experiment is shown in Figure Al1-2 and
Figure A1-3. Figure Al1-2 shows the setup of two Type K thermocouples used for
the surface temperature reading of the chemically strengthened glass painted with
PNMA400 black paint. Figure A1-3 shows the setup of a thermal camera over the glass

sample to measure the temperature field.
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G3 Thermal —
Camera Lens

Hotplate .

Two Type K |
thermocouples [

PNM400 black
painted
chemically
strengthened
glass

Figure Al1-2: Two Type K thermocouples setup for calibration experiment.
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Figure A1-3: FLIR® MWIR SC5000 thermal camera focused on black painted
Gorilla Glass surface inside the black painted enclosure to minimize surrounding

thermal irradiation reflection.

Black painted Gorilla Glass was laid flat over the hot plate. Before the calibration
experiment, temperature distribution was recorded using a 27 mm embedded f/3 lens.
Figure A1-4 shows the temperature distribution over the black painted Gorilla Glass
at mean temperatures of 49.1°C and 66.78°C. The average temperature has been
calculated over the surface of black painted Gorilla Glass as recorded by the thermal
camera before the calibration experiment. The temperature distribution experiment

had been performed using a 27 mm embedded f/3 lens.
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Figure Al-4: Temperature distribution over the surface of glass observed by

27mm lens with mean temperatures (a) 49.1°C (b) 66.78°C
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The standard deviations of temperature measured by the thermal camera at mean
temperatures 49.1°C and 66.78°C were 0.83°C and 1.47°C respectively. Their
coefficient of variation of temperature calculated by equation A1-3 is less than 3%.
Thus, it can be assumed that the average value can represent the temperature
distribution with low variability. This measured temperature has been correlated to

the average of the two thermocouple readings.

. = (A1-3)

I
Where cy is the coefficient of variance of temperature, o is the standard deviation of

temperature distribution over the sample surface and p is the mean of temperature

distribution over the sample surface.

For calibration experiment, MW G3 lens with 3x magnification was used. The lens
was focused at the surface of the glass by maintaining its objective lens 38 mm above
the glass surface. Figure A1-5 shows the image taken by the thermal camera at a

mean temperature of 65.06°C.
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Figure Al-5: Focused thermal image taken by MW G3 lens at a mean

temperature of 65.06°C.

The readings for the calibration of temperature distribution were performed
according to the procedure as described in SC5000 software calibration manual

provided by FLIR:

1. 22 points were chosen to start from 20°C to 240°C with a step size of
10°C . Hot plate temperature was set to these determined temperatures.
Each reading for thermal camera or thermocouple was taken when the
steady-state temperature was obtained.

2. When a steady state was reached, around 100 frames at 50 Hz sampling

frequency were recorded. All the frames were averaged to get a single
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frame average to eliminate time-varying noise. Figure A1-5 is an example
of an averaged frame. Simultaneously, the temperature readings from the
thermocouples were recorded.

In the averaged frame, area for the “approximate” black body (black
painted Gorilla Glass) was determined; data was extracted with circular
area selection tool. Over the selection area the average temperature, Tcam,
was calculated. Table Al1-2 shows all the recorded data of the two

thermocouples (T1 and T>).

Table Al-2 Reading for thermocouples and thermal camera. T1 and T» are

thermocouple readings over the surface of black painted Gorilla Glass 2320. Tayg is

the average of temperatures T1 and T2. Tcam IS the averaged temperature reading of

the thermal camera.

SN. | Ty T Tavg Team SN. | T2 T2 Tavg Team

1 2316 | 23.24 | 2320 |22.68 |12 |125.82|130.32 | 128.07 | 134.66
2 40.21 | 40.12 | 40.17 |40.99 |13 |134.88 | 140.42 | 137.65 | 145.76
3 41.43 | 4122 |41.33 | 4239 |14 |144.15|150.81 | 147.48 | 156.49
4 57.74 |58.09 |57.92 |60.72 |15 | 155.59 | 162.56 | 159.08 | 166.58
5 55.40 |55.17 |55.29 |58.35 |16 |161.89 |169.25 | 165.57 | 174.57
6 65.42 | 6584 |6563 |69.72 |17 |170.38|177.63|174.01 | 181.56
7 7705 | 7780 | 7743 |82.30 |18 |181.30|190.24 | 185.77 | 192.56
8 86.51 |88.11 |87.31 |92.89 |19 |185.44 | 193.66 | 189.55 | 196.22
9 9441 |95.70 |95.06 |100.76 | 20 | 199.15 | 209.33 | 204.24 | 207.25
10 | 107.46 | 109.84 | 108.65 | 114.80 | 21 | 219.00 | 229.11 | 224.06 | 224.08
11 | 11417 | 117.27 | 115.72 | 121.32 | 22 | 228.70 | 237.50 | 233.10 | 239.64
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Moreover, average temperature readings of the averaged frame from the camera were
correlated with the average temperatures of the two thermocouples. Figure Al-6

shows the correlation curve with the associated R?-value.

C
r
3
o

Data R?=0.992
Fit curve

200

150

100

50

Average |R-thermal temperature distribution { ©

50 100 150 200
Average thermocouple reading ( °C)

Figure Al-6: Correlation between average thermocouple reading and thermal

camera temperature reading with R%-value

From the correlation, the equation for conversion of the thermal camera readings to

actual temperatures was calculated as:

Tyer = 0.978 - Togm — 2.17 (Al1-4)

- 229 -



Appendix I: Thermal camera calibration

Equation Al-4 has been employed for the conversion of the thermal camera

temperature readings to the actual temperatures in all the subsequent analyses.
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Appendix 11

Numerical differentiation

The rate of change of any function y = f(x) with respect to the independent variable

X is given by the first derivative of the function as:

oy dy (A2-1)
fr =
It is not always possible to determine analytically f'(x). Instead, f'(x) may be
approximated numerically. The approximation of f'(x) using a three-point forward

difference formula can be written as:

=3f(x)+4f(x+h)— f(x+ 2h) (A2-2)
2h

f'(x) =

Where h is the step length of the independent variable.

In this investigation, the absorption with respect to z-positions in the Z-scan analysis
was known at discrete z-locations. To investigate the nonlinear absorption threshold
intensity, the rate of change of absorption A(z) with respect to the z-positions is
required. This cannot be evaluated analytically and was determined using equation
A2-2 as:

—A(z) + 4A(z+ Az) — f(z + 242) (A2-3)

A(z) ~ 20z

Where A(z) is absorption at position z, A(z + Az) and A(z + 2Az) are first and

second points ahead of point A(z).
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Appendix 11

Numerical integration

For a function f(x), integration within the limit [a, b] is given as:

b A3-1
F(x) =f f(x)dx ( )

However, it is not always possible to analytically determine the values of F(x), and
numerical integration may be required. Trapezoidal integration method, a numerical
integration scheme, has been adopted in this investigation. the function f(x) as shown

in Figure A3-1.

Figure A3-1: Function f(x) vs x

For the function f(x) as shown in Figure A3-1, integration of function f(x) between
x-limits xi and xi+1 is given by the area under the curve f(x) between these two x-

limits. Thus, the integration can be numerically approximated by calculating the area
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of the trapezoid formed, i.e. the shaded region in Figure A3-1. Thus, the integration

of the curve between the limits x;and x;+1 can be approximated as:

y LG + £ (A3-2)
2

F@ﬂﬁf=fm7uwxz

Xi

Where h is the difference between xi and xi+1, also known as the step size. The
approximation approaches the actual value as h — 0. If the approximation in
equation A3-2 is repeated over the domain between the x-limits [a,b], then the sum
of all individual approximation over the step size h will be the overall approximation

of integration of the function f(x) between the limits [a,b] given as

(A3-3)

F(x) |Z = f bf(x)dx N nz ACD)) +2f (xiv1)
¢ i=1

Where n is the total number of discrete steps. As n increases the value of h decreases

giving better approximation of F(x) |Z

In this investigation, trapezoidal integration method has been employed for the
integration of intensity distribution with respect to the radial and temporal time steps.
As all the calculations were performed using Matlab 2014b (a commercial numerical
software), an inbuilt function trapz in Matlab for trapezoidal integration has been

used.
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Appendix IV

Calculation of convective coefficient (h)

Convective heat coefficient is given by equation A3.1 [1]:

k-Nu. (A4.1)

Where k is the thermal conductivity of material, Nu, isthe Nusselt number defined
by equation A4.2. L is the characteristics length of the material, and for a rectangle

it is defined as the ratio of area to circumference [2].

0.670Ra* (A4.2)
/16 49
[1+(0.492) }
Pr

Pr and Ra. are Prandtl and Rayleigh numbers described by equation A4.3 and

Nu, =0.68+

equation A4.4

respectively.

c,u (A4.3)
Pr=——o

=

Ra, =Gr, *Pr (A4.4)

In equation A3.3 cp is the specific heat capacity of air and u is the dynamic
viscosity of air. In equation A3.4 Gris Grashof dimensionless number defined by

equation A3.5.
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_gBT-T)L (A4.5)

2

Gr
- v

where g is the acceleration due to gravity, £ is the coefficient of thermal expansion

coefficient for air at T, is the ambient temperature, L is the characteristic length and

v Is the kinematic viscosity
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