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Abstract
Laser micromachining is an important material processing technique used in industry
and medicine to produce parts with high precision. Control of the material removal
process is imperative to obtain the desired part with minimal thermal damage to
the surrounding material. Longer pulsed lasers, with pulse durations of milli- and
microseconds, are used primarily for laser through-cutting and welding. In this work,
a two-pulse sequence using microsecond pulse durations is demonstrated to achieve
consistent material removal during percussion drilling when the delay between the
pulses is properly defined. The light-matter interaction moves from a regime of surface morphology changes to melt and vapour ejection. Inline coherent imaging (ICI),
a broadband, spatially-coherent imaging technique, is used to monitor the ablation
process. The pulse parameter space is explored and the key regimes are determined.
Material removal is observed when the pulse delay is on the order of the pulse duration. ICI is also used to directly observe the ablation process. Melt dynamics
are characterized by monitoring surface changes during and after laser processing at
several positions in and around the interaction region. Ablation is enhanced when
the melt has time to flow back into the hole before the interaction with the second
pulse begins. A phenomenological model is developed to understand the relationship
between material removal and pulse delay. Based on melt refilling the interaction
i

region, described by logistic growth, and heat loss, described by exponential decay,
the model is fit to several datasets. The fit parameters reflect the pulse energies and
durations used in the ablation experiments. For pulse durations of 50 µs with pulse
energies of 7.32 mJ ± 0.09 mJ, the logisitic growth component of the model reaches
half maximum after 8.3 µs ± 1.1 µs and the exponential decays with a rate of 64 µs ±
15 µs. The phenomenological model offers an interpretation of the material removal
process.
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Chapter 1
Introduction
Since their invention in the 1960s, lasers have revolutionized science and industry.
They have played a key role in the evolution of spectroscopic techniques and, with
the development of ultrafast lasers, paved the way to observe chemical reactions and
electron dynamics. Lasers also play an important role outside the laboratory and
inside factories. They are used in many facets of manufactoring, post-processing and
quality assurance. Futhermore, they have become a part of every day life. They’re
in grocery stores, classrooms, homes, hospitals and concert venues. They are a part
of pop culture, associated with evil villains and sharks. The use of coherent light has
changed human existence.
One of the first industrial uses of lasers was for laser cutting [1]. Other uses include,
but are not limited to, machining, welding, additive manufacturing, heat-treating,
cleaning, cladding and marking. Laser machining is a subtractive manufacturing
process and can remove material on a micrometer scale. Various materials have
been laser machined including metals, ceramics and wood. Laser machining has
been used to perform engraving, wire stripping and production of medical implants.
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Laser through cutting is the predominant form of laser cutting. The non-contact
machining process is advantageous as there is little to no mechanical wear during
machining. Depending on the application, various types of lasers are used to optimize
the machining process.
Laser welding is another important industrial process. Lasers offer the ability to
perform keyhole welding producing deep, confined welds. Keyhole welding requires
moderate laser intensities (>106 W cm−2 ). The laser beam produces a vapour channel
in the metal and it is surrounded by liquid metal. As the beam propagates, the rear of
the channel closes, and the liquid metal solidifies. Keyhole welding is capable of butt
welding, seam welding and laser spot welding. Laser welding uses continuous wave
(CW) or long-pulsed lasers to continually deliver energy to the parts and maintain
the keyhole.
While laser welding makes use of CW or long pulses, laser machining can be performed with a large range of pulse durations ranging from CW to ultrafast. Ultrafast
pulses are on the order of picoseconds and femtoseconds. Longer pulses provide faster
removal rates at the expense of larger heat-affected zones (HAZ). Ultrafast lasers machine slowly, removing small but precise amounts of material through cold ablation.
Ultrafast lasers offer better control of the machining process as less heat is produced
in the part and melt is minimized.
Our group has demonstrated the ability to perform micromachining in metals
with microsecond-long pulses and intensities typically used for laser welding. When
firing the laser in single pulse mode, keyhole welds are formed and the material is
altered as expected. However, by using a two-pulse laser sequence with a time delay
in between the laser pulses, material is melted as before and also removed through
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ejection. The material removal process is sufficiently precise to produce complicated
3D micromachined structures such as screw patterns.
While there exists several techniques to monitor laser-processing, few offer the
ability to observe the physics occuring directly in the interaction region of the laser.
Inline coherent imaging (ICI) is an imaging technique built on the principles of optical coherence tomography (OCT), a medical imaging technique. By integrating a
broadband, spatially coherent Michelson interferometer co-axially with a processing
laser, the height of surfaces in the interaction region of the processing laser can be
monitored. The difference in arm lengths of the Michelson interferometer correspond
to interference patterns that can be imaged using a spectrometer. By monitoring
how the interference patterns change as a function of time and consequently how the
interfaces in the sample arm of the Michelson interferometer moves, complicated laser
processes are observed with micrometer precision. ICI offers the ability to directly
monitor how a part being machined changes.
In this thesis, the previous unexpected micromachining results of our group will
be studied using ICI in order to monitor and phenomenologically explain the twopulse ablation process. The complicated 3D machining process was simplified into
a 1D percussion hole-drilling problem. Initial experiments explored the dependence
of the net ablation on many parameters including pulse durations, pulse delays and
number of pulses delivered to the part. With the important pulse parameters identified, imaging experiments were performed to directly observe the hole formation and
evolution during the ablation process. Ablation dynamics were observed and used as
the basis of a phenomenological model to describe the relationship between the final
depth of a two-pulse sequence and the time-delay between the two pulses.
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In Chapter 2, the background information necessary to interpret and understand
the results of this thesis are presented. The current theory of thermal and two-pulse
ablation is discussed. The physics of ICI is developed. Two data processing techniques, fast Fourier transform (FFT) and homodyne filtering, are compared. Finally
the origins and examples of imaging artifacts are described.
Chapter 3 details the experimental equipment used throughout this thesis. The
fiber machining laser used to perform two-pulse ablation experiments is characterized. The motion control system, comprising translation stages and galvanometric
scanning mirrors, used to move the machining samples and control the processing
and machining beam is detailed here. The components of the ICI system, such as
the arms of the Michelson interferometer, are described. Alignment and spectrometer calibration procedures used are listed for future students. Changes made to the
optical components of the ICI system are also explained here and the results of said
changes are discussed. The LabVIEW code used to perform the ablation experiments
and record the ICI data are detailed, including the implementation of the data processing techniques. The code output, consisting of trigger waveforms for the laser
and spectrometer, are tested for synchronization. The response of the laser to the
trigger waveform is also characterized. The metal samples used for the ablation experiments are described. Lastly, the picosecond machining laser brought in to perform
micromachining on thin metal sheets is discussed.
In order to understand the previous micromachining results of the group, an exploration of the parameter space was undertaken to determine which parameters played
a key role in the successful machining results. Chapter 4 presents the results of those
experiments. Initially, a large parameter space was spanned in order to sample as
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much of the parameter space as possible. Since the goal was to maximize depth, not
volume, the parameter space was able to be refined and the results are shown here.
The refined space was then explored in more detail. The relevant pulse parameters
of the two-pulse sequence are detailed.
Using the relevant pulse parameters discovered in the previous chapter, several
offset imaging experiments were performed to observe the dynamics of the hole during
the ablation process. The previous experiments studied the ablation process with the
imaging beam and the machining laser aligned co-axially. Here the imaging beam,
used to measure the height of the surface, and the processing beam were aligned
parallel to each other at different offsets so that the surrounding surface could also be
monitored during laser processing. The observed dynamics are described in Chapter
5. Four offsets were used in order to capture the changes of the hole, including onset
and expansion, as well as the morphology of the surrounding surface. Changes to the
imaging optics were also made and the offset experiments were repeated. The results
are presented at the end of the chapter.
With an understanding of the important pulse parameters and the dynamics of
the hole during ablation, a phenomenological model is proposed in Chapter 6. The
model found a relationship between average depth change after the ablation process
was finished and the pulse delay between the two pulses in the laser sequence. The
model was based on the melt refilling the hole after the first pulse in the two-pulse
laser sequence, seen in the offset imaging experiments, and heat dissipation. The
model was then fit to several datasets and examined for statistical relevance. Lastly,
the properties of the fit parameters were explored by comparing the fits of the different
datasets.
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Finally in Chapter 7, the results of the thesis are summarized. The success of ICI
in understanding the two-pulse ablation process is evaluated. The phenomenological
model is used to offer an explanation of the 3D micromachining results previously
attained by the group. Future experiments and research directions for two-pulse
ablation are discussed as well.
While most of the results presented in this thesis are the contributions of the
author, the work would not have been possible without the help of my fellow graduate
students, the work previously done by former graduate students that was used as
building blocks for my work and the continual guidance and support of my supervisor,
Dr. James Fraser. Results obtained and work performed with other graduate students
are identified throughout the thesis.
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Chapter 2
Background
In this chapter, the background theory for understanding the two-pulse laser ablation
of stainless steel studied in this thesis will be presented. The mechanisms responsible
for microsecond laser ablation of metals are discussed, as well as recent results in
3D micromachining and an overview of current two-pulse ablation theory for many
time scales. This thesis makes extensive use of inline coherent imaging (ICI), so an
overview of its basis, OCT, will be presented. This chapter presents a brief history of
ICI. It details a mathematical representation of intensity and examines how that data
is processed to extract depth information. This involves comparing two methods, the
Fourier transform and the homodyne filtering method. Finally, imaging artifacts that
occupy ICI images are examined.

2.1. MICROSECOND LASER ABLATION

2.1
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Microsecond Laser Ablation

An understanding of continuous wave thermal ablation in metals is needed. Laser
ablation can be separated into two different regimes. In the ultrafast regime, picoseconds to femtoseconds, the ablation process is driven by Coulombic or phase explosion
[2, 3]. Because the pulse duration is on the timescale of electron dynamics, the heat is
localised to the electrons, they are excited away and an ionized lattice remains. The
charged matter repels itself and explodes out. Due to the localizaton of the heat, this
is also called cold ablation and there is very little heat affected zone (HAZ) in the
material surrounding the ablation region.
As the pulse duration increases, there is more time for the electrons to transfer
their heat to the lattice. This is the thermal regime. The processing laser is absorbed
via the inverse Bremmstrahlung effect [4]. The electrons absorb the radiation and
begin to vibrate. They can then either re-radiate the absorbed energy or transfer
that energy to the lattice via phonons. Once the lattice vibrations become strong
enough, comparable to atomic spacings, the structure will no longer be able to hold
its mechanical properties and it will have melted. In metals, evaporation will occur
at intensities approximately greater than 3 × 106 W cm−2 [5]. Plasmas will begin to
form when intensities reach levels of 1 × 108 W cm−2 . Plasmas are highly absorbing
due to the large amount of free electrons and act to shield the metal where ablation
is desired. For the laser (100 W) and optical set-up (30 µm spot size) used in this
thesis, intensities will be on the order of 1 × 107 W cm−2 so plasma shielding will not
be a factor. There will be evaporation and this will contribute to the recoil pressure
[6]. This pressure pushes down on the melt, forcing it out to the sides. Once a hole
starts to form, the melt is pushed to the side walls forcing it to go up as depicted
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in figure 2.1. A high pressure vapour will also be present at the bottom of the hole
causing a pressure gradient that contributes to pushing the melt out of the hole.

Figure 2.1: Schematic of laser ablation. The laser interacts with the bottom of the
hole and the ejected vapour. Heat propagates into the bulk material as
melt is pushed out of the hole by recoil and vapour pressures. Figure
modified from [7]
Acting against the recoil pressure and vapour pressure is surface tension. As the
radius of curvature increases, the force of the suface tension decreases and this will
typically act to pull the melt back into the hole [7]. When the ablation ceases, the
surface tension becomes the dominant force, resulting in melt flowing back into the
hole where it will cool and solidify.

2.1. MICROSECOND LASER ABLATION
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The high intensity used in my experiments is sufficient for laser keyhole welding.
Keyhole welding provides deep, narrow welds [8]. A high intensity is required to open
a keyhole, also known as a vapour channel, that allows the laser to penetrate deep
into the material [9]. The deep hole causes multiple reflections increasing the absorptivity of the material [5]. In keyhole welding, the laser moves transversely across the
material, attempting to maintain a stable keyhole. In my percussion drilling experiments, the laser beam is stationary. Less energy is spent on melting the solid metal
as it moves into the interaction zone and more energy will be spent on evaporating
material at the bottom of the hole. Evaporation losses would be problematic in a
weld, but here they are desired. However, as the material evaporates out of the hole,
it does cause some power loss as the laser will interact with the vapour as opposed
to solely with the bottom of the hole [4]. Thus the main mechanisms of microsecond
thermal ablation are melt removal by recoil and vapour pressures and evaporative
losses.

2.1.1

3D Machining

As a rule of thumb, the more melt there is during ablation, the poorer the quality
of the hole [5]. More melt means a larger heat affected zone and more material that
can flow back into the hole and resolidify, reducing the amount of material removed.
However, recently a former group member, Yang Ji, demonstrated 3D machining on
304 stainless steel using microsecond pulses in the infrared (IR) [10]. Ji machined
a screw pattern on an area of 3.96 mm × 3.96 mm wth a maximum depth of 0.5
mm as shown in figure 2.2. Machining was performed using galvanometric scanners
to quickly scan an imaging light over the area. If the surface was not at the correct
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depth as specified by an input depth map, the laser was fired. Using pulse durations
of 50 µs and 100 µs showed no discernable feature after 40 sweeps but did demonstrate
some material removal. Surprisingly, when machined using a pulse sequence of two
50 µs pulses separated by a 30 µs delay, a screw pattern was obtained. At the time of
publication, he hypothesized that the material removal was due to the second pulse
efficiently removing the liquid steel created by the first pulse. This would remove the
melt before it could spread and flatten out, thus allowing features to be machined. The
goal of this thesis is to develop a phenomenological model to explain this unexpected
two-pulse effect.

Figure 2.2: (a) 3D depth map of a screw pattern used as input. (b) Failed result using
80.7 W average power, 50 µs laser pulses and performing 80 sweeps. (c)
Two screw patterns successfully machined using 80.7 W average power, a
pulse train of two 50 µs pulses separated by a 30 µs delay and performing
40 sweeps. Image taken from [10].

2.1.2

Overview of Two-Pulse Abation Theory

Laser-induced breakdown spectroscopy (LIBS) is a spectroscopic technique that ablates small amounts of matter, generating plasmas, and the emission from the plasma
is measured to identify either the ablated material or the abundance of its composites.
A double-pulse sequence has been used in LIBS to improve ablation and the electron
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density and temperature in the plasma [11]. Double pulse sequences have been used
for nanosecond, picosecond and femtosecond laser pulses in LIBS [12]. As discussed
earlier, the plasma acts to shield the ablated material. By introducing a delay, the
plasma begins to dissipate before the second pulse arrives [13, 14]. Plasma is not expected to play a role in the ablation mechanisms of the lower intensity regime. Peak
powers used in this thesis were 78.4 W with a focused spot size of 30 µm. This corresponds to an intensity of 3.5 × 106 W cm−2 , which is almost two orders of magnitude
below plasma intensities.
A four-step phenomenological model has been developed for nanosecond pulses
with a nanosecond delay [15]. The first pulse produces plasma and ejecta. The delay
allows the plasma to dissipate while the ejecta remains. The second pulse arrives and
heats up the remaining ejecta. Finally the heated ejecta acts to ablate the material.
This model seems unlikely for microsecond pulses with microsecond delays as the
ejected material will have ample time to redeposit on the material below. Improved
ablation for nanosecond pulses has also been observed with microsecond delays. Using
green light on rotating copper, ablation rates increased with decreasing rotation speed
[16]. Suggested pulse overlap effects included residual heating effects and surface
morphology changes. A Nd:YAG laser was also used to achieve increased ablation
on various metals using nanosecond pulse durations and microsecond delays resulting
from suspected residual heating effects [17]. Since the material was already warm,
less energy of the second pulse had to go into temperature changes and more energy
was available for phase transitions. This incubation effect has also been observed in
silicon [18]. Using longer nanosecond pulses and shorter microsecond delays, a 1064
nm fiber laser firing bursts of multiple pulses increased ablation in stainless steel foil
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due to the subsequent pulses ablating material above the boiling point [19].
Improved ablation has also been seen with millisecond and microsecond pulses
using millisecond delays [20]. The first long millisecond pulse acted to melt the
material. A shorter microsecond pulse was delayed to arrive when the most molten
metal was on the surface. The second pulse had a higher intensity and acted to
vaporize the liquid metal. This caused an increase in recoil pressure, further enhancing
material removal. Using microsecond pulses with a large initial spike in energy that
then deliver a lower average energy has been shown to also exhibit enhanced ablation
in metals [21]. The high energy component acted to melt the metal and create a
plasma above the target area. As the plasma dissipated, the superheated liquid metal
boiled due to the drop in pressure. This secondary release of matter contributed to
the material removal.
These three different types of double-pulse sequences [22], as well as multi-pulse or
shaped pulses, appear to experience improved ablaton through many different mechanisms but a common factor is residual thermal effects. The second or remaining
pulses in the sequence spent more of their energy on phase transitions and material
removal as opposed to temperature changes. This same effect is expected to dominate for microsecond pulses with microsecond delays. A method to directly observe
the surface dynamics in the interaction region of the machining laser would provide
valuable insight into the ablation process. ICI was the chosen method to do so in this
thesis, the basis of which is optical coherence tomography.
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Optical Coherence Tomography

ICI makes use of the principles developed by optical coherence tomography. OCT is
a low coherence interferometric technique used widely in the medical community for
imaging eyes and other transparent biological samples. Initially developed in 1991 by
Huang et al., OCT is the optical analog of ultrasonic imaging [23]. Using a Michelson
interferometer, a light source illuminates a sample arm and a reference arm as shown
in figure 2.3. The reflected light from both arms then interferes and the interference
pattern is imaged on a spectrometer. The detected signal, ID , depends on the electric
field of both the sample and reference arm, ES and ER respectively, as well as on
the responsivity of the spectrometer, ρ. To account for the integration time of the
spectrometer, the intensity is a time average of the electric fields such that
ρ
ID (k, ω) = h|ER + ES |2 i.
2

(2.1)

Figure 2.3: Schematic of a Michelson interferometer. The light source (LS) propagates light towards a beam splitter (BS) which then splits the light between two arms. The light is reflected back at the end of the arms by
a mirror, will interfere at the beam splitter and the interference is then
spectrally resolved at the spectrometer.
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Due to the spatial coherence of the light source, the electric fields can be represented by plane waves, such that Ei = s(k, ω)ei(kz−ωt) . Here s(k, ω) denotes the
amplitude of the electric field as a function of wavenumber, k, and frequency, ω.
Once the initial light from the source hits an interface, that amplitude will change
as a function of the reflectivity of the interface. For the reference arm, there is one
interface so the light experiences an electric field reflectivity rR at a depth zR . For
the sample arm, however, each interface at a depth zi will have a different reflectivity. Therefore, the refectivity of the sample arm can be expressed as a sum of delta
P
functions over all N interfaces, rS (zS ) = N
n=1 rSn δ(zS − zSn ). Now that the electric
fields are defined, the expression for the intensity on the detector, equation 2.1 can
be expanded to give
ρ
ID (k, ω) =
2

*

N

s(k, ω) X
s(k, ω)
√ rR e2kzR −ωt + √
rSn e2kzSn −ωt
2
2 n=1

2+

.

(2.2)

All of the specifications of the system will be detailed in Chapter 3, but it is
useful to consider the typical center wavelength of the light source. The broadband
lightsource is centered at λ = 860 nm; this means the light oscillates at a frequency
of ν = 3.5 × 1014 Hz. The fastest integration time our spectrometer can achieve is
2 µs. Therefore the light oscillates 7 × 108 times during the integration time. This
is much too fast for the spectrometer to resolve. Consequently, the time-dependent
terms in equation 2.2 will time average to zero. Time averaging also removes the time
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dependence of the intensity. Expanding equation 2.2 now gives
ρ
ID (k) = [S(k)(RR + RS1 + RS2 + ...)]
4"
#
N p
X
ρ
+
S(k)
RR RSn (ei2k(zR −zSn ) + e−i2k(zR −zSn ) )
4
n=1
"
#
N
X
p
ρ
i2k(zSn −zSm )
−i2k(zSn −zSm )
+
S(k)
RSn RSm (e
+e
) .
4
n6=m=1

(2.3)

Now S(k) represents the amplitude of the plane waves. The power reflectivity of the
ith interface, Ri , is the magnitude squared of the electric field reflectivity. Finally,
using Euler’s formula, the complex exponentials can be replaced with cosine functions
yielding
ρ
ID (k) = [S(k)(RR + RS1 + RR2 + ...)]
4"
#
N p
X
ρ
S(k)
+
RR RSn (cos [2k(zR − zSn )])
2
n=1
"
#
N
X
p
ρ
S(k)
RSn RSm (cos [2k(zSn − zSm )]) .
+
2
n6=m=1

(2.4)

The goal is to extract depth information from the signal on the detector and there
are several ways to do that.
The first method developed has been termed time-domain optical coherence tomography (TD-OCT). Here, the sample interfaces are kept constant and the mirror
in the reference arm is scanned [23]. As the reference mirror scans, the signal increases when the length of the reference arm and a sample interface are equal and a
map of intensity as a function of reference arm depth can be built up. This relies on
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moving parts and is too slow for the light-matter interactions we would like to observe. To get around moving parts, we make use of Fourier-domain optical coherence
tomography (FD-OCT). Since being developed in 1995 [24], two main variations of
the technique have become dominant: spectral-domain optical coherence tomography
(SD-OCT) and swept-source optical coherence tomography (SS-OCT). In SD-OCT,
a broadband imaging source is used. The light interferes as before but before detection, the frequency content is spatially separated by a spectrometer. A single image
then contains depth information over a range of wavenumbers. On the other hand,
SS-OCT uses a narrowband source that can sweep through a large wavenumber range
[25]. The detector then measures one intensity per wavenumber and a map of intensity as a function of wavenumber can be constructed. In our set-up, we make use of
SD-OCT for its high acquisition rate, which depends primarily on the line camera,
and its simplicity which makes incorporating it into a laser processing set-up easier.

2.3

Inline Coherent Imaging

The coherence part of ICI has been developed in the previous section and is based
on the spatial coherence of the imaging light source. The inline part of ICI comes
from incorporating the imaging light inline with the processing laser light. They
are aligned coaxially so that the imaging light is incident on the same interface at
the same position as the processing laser. ICI has gone through several iterations.
Initially the imaging and processing light came from the same source and was used
to monitor the ablation of stainless steel using a picosecond laser [26]. A variant
was then developed which used sum-frequency gating (SFG) to convert the imaging
light into the visible range to use faster detectors [27, 28]. Now we typically use
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a superluminescent diode (SLD) as the imaging light source, but any broadband
source can be used. The integration of the imaging source with the processing laser
is described later and illustrated in figure 3.3. ICI has been used to study numerous
laser processes including ablation of stainless steel, silicon [29, 30] and bone [31]. ICI
has done more than just monitor ablation processes; it has been used as a feedback
control tool. Using the depth information it measures, it can determine whether
or not to fire the laser. This can be used to perform 3D machining of complicated
shapes such as spirals, screw patterns and Bessel functions in various homogeneous
and heterogeneous materials [10, 32, 33]. It has also been used as a feedback tool
for monitoring laser welding in various metals [34]. Recently, it has been used for
defect detection in additive manufacturing as well [35]. ICI is proving to be a useful
and versatile tool in many areas of laser processing. In order to understand how it
monitors depth, the interference signal on the spectrometer will be examined and
depth information will be extracted.

2.3.1

Fourier Transform

In SD-OCT, the spectrometer measures intensity as a function of wavenumber. However, intensity as a function of depth is more useful to the application of machining
and monitoring other laser processes. Thus a transform from wavenumber space (aka
k-space) to position space (aka z-space) is needed. The group has used two different
methods to achieve this. The first of which is the Fourier transform. Returning to
the expression for intensity as a function of wavenumber, equation 2.4, the Fourier
transform of S(k) needs to be found. Most light sources used in SD-OCT have a
Gaussian shape. This is conv enient as the Fourier transform of a Gaussian, is a
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Gaussian. The shape of S(k) is defined in terms of its properties, namely its central
wavenumber, ko , and its bandwidth, ∆k, to give the Gaussian

S(k) =

(k−ko ) 2
1
√ e−[ ∆k ] .
∆k π

(2.5)

The Fourier transform of equation 2.5 gives

γ(z) = e−z

2 ∆k 2

(2.6)

where γ(z) is defined as the “coherence function” since it will predominantly determine the axial point spread function (PSF) limiting the axial resolution of the
imaging system. The full width at half maximum (FWHM) of the coherence function
is defined as the coherence length and can be expressed as
√
2 ln 2
2 ln 2 λ2o
lc =
=
.
∆k
π ∆λ

(2.7)

This is a common way of characterizing the PSF [36].
The full Fourier transform of equation 2.4 gives
ρ
iD (z) = [γ(z)(RR + RS1 + RR2 + ...)]
8"
#
N
ρ Xp
+
RR RSn (γ[2(zR − zSn )] + γ[−2(zR − zSn )])
4 n=1
#
" N
ρ X p
RSn RSm (γ[2(zR − zSm )] + γ[−2(zR − zSm )]) .
+
4 n6=m=1

(2.8)

Each term in equation 2.8 represents a different physical signal that is seen in the
depth images, which are termed amplitude lines or A-lines. The first term that
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comprises the intensity signal as a function of depth is the DC component of the
signal. Shown in figure 2.4, the DC term comes from the Gaussian envelope of the
different signals in the inteferogram. It contains no frequency or depth information
and so its Fourier transform is a Gaussian at zero depth. When performing ICI
measurements, it’s important to stay away from the zero depth point, as it will
envelop the desired signal you wish to observe. Its effects can be reduced, as will be
discussed shortly, but they cannot be eliminated.

Figure 2.4: The DC component of the interferogram as seen on the imaging detector is
shown on the left. It is a typically a Gaussian in both k-space and z-space
depending of the imaging light source. On the right is the corresponding
A-line. The DC component contributes to the signal at the zero delay
point.
The second term of the A-line comes from the interference of the sample electric
field and the reference electric field in the arms of the Michelson interferometer. It
is called the AC component and is shown in figure 2.5. The wavenumber of the
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cosine term depends on the difference between the reference arm path length and the
length to the signal reflector. Also important is the square root dependence of the
intensity of this signal. A logarithmic gain factor over direct detection of reflections
results from the intensity being proportional to the square root of the reflectivities.
This does cause the AC component to be smaller than the DC component, since RSn
is typically smaller than RR , but the majority of the DC term can be subtracted
computationally so that it does not skew the dynamic range of the measurements.
Since the amplitude of the reference arm will be constant for a stable imaging light
source, its DC component can be removed. The DC term from interfaces in the
sample arm, however, will be changing constantly during laser processing and thus
cannot be effectively removed in a straightforward subtraction.
The final term in the intensity signal is the autocorrelation term and is shown in
figure 2.6. It arises from the interference of different interfaces in the sample arm.
The interference is typically very weak as it depends on the reflectivies of two sample
interfaces which are usually orders of magnitude less than the near perfect reflector
in the reference arm. Due to its depedence on the difference between the depth of
each signal, autocorrelation terms can show up anywhere in z-space. However, due to
the nature of laser processing, autocorrelation terms that would appear in ablation
A-lines would typically arise from interference between signals from the top surface,
side walls and/or the bottom of the ablated hole, all of which are only separated by
around 100 microns in my experiments. Thus the autocorrelation terms that are likely
to appear in ablation A-lines would populate around zero delay, providing another
reason to process away from the zero depth point. This can be done by placing the
initial height of the surface to be machined farther from the zero depth point such
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Figure 2.5: The AC component of the interferogram as seen on the spectrometer is
shown on the left. The difference in arm length between the reference and
sample arms determine the modulation frequency under the envelope for
a single reflector. On the right is the A-line corresponding to the given
interference pattern. The depth information is extracted and the sample
interface is located at a depth of 100 µm.
that when heights move closer to zero, they must move a large distance to be in the
range of autocorrelation interfaces.
It is also important to note the two gamma terms in the second and third term
of equation 2.8. The Fourier transform results in symmetric Gaussians about the
reference arm length, zR . This is termed the zero delay point and measurements can
be made from either side. Depending on the type of laser processing being observed,
it might be advantageous for depth to increase towards or away from the zero point.
This complex conjugate ambiguity about the zero point arises from the fact that
cos x can be expressed using Euler’s formula as 21 [eix + e−ix ]. Since the two terms are
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Figure 2.6: The autocorrelation component of the interferogram as seen on the imaging detector is shown on the left. The beating of the two spatial frequencies is visible in the interferogram. On the right is the corresponding
A-line. The autocorrelation is present at a depth of 20 µm.
complex conjugate to each other, a positive difference in z between the two arms is
equivalent to a negative difference.
The implementation of the Fourier transform computationally is done with a fast
Fourier transform (FFT) algorithm. The main disadvantage of the FFT method, is
that it requires an evenly distributed dataset in k-space. This requires a time-costly
interpolation step, which will be discussed in section 3.4.1. An alternative method
better suited for processing large data sets is the homodyne filter algorithm developed
by former student Paul Webster [37].
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Homodyne Filter Method

In order to improve the capabilities of ICI for real-time process monitoring, a less timeconsuming algorithm than FFT was needed. The homodyne filter algorithm acts as
a look-up table for a given depth and the time-costly calculation of the look-up table
can be preformed before measurements begin [37]. The details of its implementation
in my code will be given later in section 3.4.2. Here the algorithm will be discussed
broadly and some comparisons to FFT data processing will be made.
The homodyne filter method requires a sample interferogram and the pixel number
to wavenumber calibration. Using this information it generates a matrix that is a
function of depth and wavenumber that, when multiplied with an array of intensites
as a function of wavenumber, gives an array of intensities as a function of depth. The
dimensions of the matrix are determined by the number of pixels used to capture the
interferogram and the number of z-depths on one side of zero-delay. Mathematically,
it is represented as

Mhomodyne (k, z) =

X Gaussianref (k)
k

Aref (k)

eikz ,

(2.9)

where Gaussianref is the fitted Gaussian of the sample interferogram and Aref is the
amplitude of the sample interferogram as a function of k and each term in the matrix
represents a single wavenumber and z-depth. Only the terms where there is overlap of
the wavenumber between the homodyne matrix and the measured interferogram will
contribute to the sum. The convenience of this method is that no slow interpolation
step is required. The wavenumber spacing of the spectrometer is not even, but is
accounted for in the homodyne matrix. Additionally, dispersion effects can also be
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incorporated in the homodyne filtering. By adding artificial second- and third-order
phase-shifts to the look-up table, you can more finely balance dispersion mismatch
between the two arms of the interferometer. The DC term from the reference mirror
can also be removed from the initial measured intensities of the interferogram by
subtraction.
In order to test homodyne filtering against the FFT algorithm, sample data was
taken and processed with both methods. An interferogram was taken at a specific
depth, the reference arm intensity was subtracted to reduce the DC term and the
interferogram was processed using both the homodyne filtering method and the FFT
algorithm. Shown in figure 2.7, a gold mirror was placed in the sample arm 200 µm
from the zero delay point. The homodyne filtering method replicated the same correct
physical position as the FFT algorithm, as well as the same PSF and comparable
noise across the depth spectrum. When moved farther from the zero delay point,
the homodyne filtering method continued to perform, as shown in figure 2.8, where
the depth was now 800 µm from zero. Homodyne filtering now did a better job with
the intensity of the PSF while the width and noise were again comparable. The
differences between the two methods can be attributed to the differences between the
matrix multiplication of the homodyne filtering and the discrete Fourier transform of
the FFT method, namely the interpolation step. However, both correctly reproduced
the depth of the interface in the sample arm. Thus the homodyne filtering method is
used, as it reduces the computational load during data acquisition. Additionally, the
homodyne filtering method does not require the full depth function to be calculated.
This can provide further computational load improvements.
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Figure 2.7: The top left graph shows the raw interferogram of the collected data
on the spectrometer after subtracting the DC term from the light source.
The top right graph shows the interferogram after interpolation and being
multiplied by a Gaussian. The bottom image shows the A-line comparison
between the FFT algorithm (in blue) and the homodyne filtering (in red).
Both methods properly identify the depth to be 200 µm away from the
zero delay point.

2.3.3

Imaging Artifacts

Many different effects can lead to an ICI image that is not ideal. An ICI image is
called a brightness mode (B-mode) and is made up of many A-lines that evolve as a
function of time or distance. If the imaging head is moving at a known velocity, and
time can be mapped to distance, this is known as a motion mode or M-mode. In order
to understand how these effects pollute or corrupt an ICI image, first a pristine Bmode will be examined (shown in figure 2.9). The images in this section are generated
ICI images using Matlab. The B-mode image shows one interface at a depth of 200
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Figure 2.8: The top left graph shows the raw interferogram of the collected data
on the spectrometer after subtracting the DC term from the light source.
The top right graph shows the interferogram after interpolation and being
multiplied by a Gaussian. The bottom image shows the A-line comparison
between the FFT algorithm (in blue) and the homodyne filtering (in red).
Both methods properly identify the depth to be 800 µm away from the
zero delay point.
µm and the DC component from the imaging light has been subtracted so that only
the AC component from the intensity of the sample arm reflector is present. There is
no noise from the spectrometer. This is the ideal case where there is minimal signal
at the zero delay point and the desired interface is the only interface visible in the
image by orders of magnitude. However, this is rarely the case in real images. The
reflecting interface here is a gold mirror with a very high reflectivity perpendicular to
the imaging light. During ablation, the surface is constantly changing shape and orientation. This limits the amount of light being coupled back into the interferometer.
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The changing surface structure can also act as a scatterer as opposed to a reflector.
Aside from these physical changes in the interface that can degrade the image, there
are other mechanisms that can reduce the quality.

Figure 2.9: An ideal ICI interferogram (on the left) and B-mode image (on the right).
The DC component from the light source has been removed and the dominant signal is from the interface at a depth of 200 µm. There is also no
background from noise in the detector.
One such mechanism is termed sensitivity roll-off. As the interface moves farther
away from the zero delay point, the spatial frequency increases. The spectrometer
used in our set-ups contains a line camera comprised of pixels of fixed size. As
the Nyquist limit is approached, the frequency oscillates too quickly to be resolved
spatially by the camera pixels. This causes the PSF in the ICI images to be broadened
and attenuated. This can be seen in the difference between the sample A-lines from
before. The PSF in figure 2.7 sits at about 40 dB above the noise while the PSF
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function in figure 2.8 is about 30 dB above the noise floor. The change in depth is
600 µm. This roll-off is also a result of confocal gating of the imaging light as it
propagates back in the sample arm. The imaging light propagates through a fiber
before the free-space portion of the interferometer arms. The end of the fiber acts as a
pinhole that the light must couple back into. This reduces the amount of light getting
back into the fiber as a function of depth because fewer wavevectors will be focused
back into the fiber. Outside of the imaging window, the Nyquist limit is reached
and the spatial frequency can no longer be resolved. The beat frequency between the
fringes of the interference pattern can be resolved and this leads to weak, broad peaks
wrapping around the field of view (FOV).
Another mechanism that can corrupt an ICI image arises not from a lack of light,
but too much of it. When the reflective interface in the sample becomes too much like
a mirror, such as when the metal is in a liquid state, the amount of light being coupled
back into the fiber can become enough to saturate the line camera. This results in
the interferogram being cut off, shown in figure 2.10. The Fourier transform of a
square wave function is composed of the sum of many sine terms with increasing
mutiples of the term inside the sine function. Here, this corresponds to harmonics of
the spatial information and results in multiple interfaces showing up at multiples of
the actual depth. This is an example when the saturation is minimal. As the degree
of saturation is increased, all frequency information is lost. If the degree of saturation
is low, it is still possible to identify the correct interface; however, the PSF will be
broadened.
The last imaging artifact to be discussed here is the result of clipping the interferogram, which occurs from using too few pixels on the line camera. This causes the
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Figure 2.10: An interferogram suffering from saturation is shown on the left. The
interference pattern has been cut off at an amplitude of approximately
0.94 [arb. units]. This results in harmonics of the depth appearing in
the ICI B-mode image on the right. The additional depth peaks are seen
at integer multiples of 200 µm. Additionally, the PSF is broadened.
interferogram to drop rapidly to zero at the edge of the acquisition window on the
line camera, as shown in figure 2.11. This results in an ICI image with a broadened
PSF and ringing peaks surrounding it. The interference signal has been gated with
a rectangular function, of which the Fourier transform is a sinc function. Near the
depth of the interface in the sample arm, the peaks of the sinc function are amplified
causing the ringing about the correct depth. To avoid such an issue, the interferogram measured on the spectrometer can be multiplied by a Gaussian which decays
to zero within the wavenumber range that the camera measures. This forces the interferogram to zero at the edges and prevents artifacts from clipping corrupting the
ICI images.
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Figure 2.11: The interferogram on the left is clipped causing the oscillations to decay instantaneously to zero like a rectangle function. This results in
additional depth interfaces ringing about the main interface at 200 µm
in the ICI image shown on the right. The main peak also suffers from
broadening.
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Chapter 3
Experimental Apparatus
This chapter contains detailed descriptions of the equipment and techniques used to
perform the two-pulse ablation experiments studied in this thesis. The laser power
was characterized to determine the maximum peak power at the sample as a function
of percentage specified on the exernal controller. Pulse energies were also measured
as a function of pulse delay, which will be important for comparing the results of
Chapter 6. The motion control of the laser processing station is described in terms
of the limits on the translational stages and the galvanometric mirrors. The range
and speed limits determined the restrictions imposed on how the samples could be
processed. The optical system of the Michelson interferometer is broken down in
terms of its components and the procedures used to align the system and calibrate the
spectrometer. Changes made to the optical system are also described. The code used
to perform the experiments is explained in order to elaborate on the data processing
that occured between acquisition and presentation. The code was also tested in order
to verify its functionality. Machining samples and pre-processing cleaning procedures
are detailed. Finally, the picosecond laser that was brought in is recorded for future
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students.

3.1

Machining Laser

The microprocessing station is centered around using a 100 W quasi-continuous wave
(QCW) infrared laser (IPG YLR-100-SM) to perform micromachining and additive
manufacturing experiments [10, 35]. The laser gain medium is ytterbium-doped fibre
and the output wavelength is 1070 nm [38]. High beam quality is achieved, M 2 < 1.05,
due to the fibre being single mode.
While the output of the laser directly out of the collimator is 100 W, after propagating through the optical system, the laser power experienced losses. The gold
mirrors in the system contributed ∼3% losses per reflection and absorption losses
from transmitting through the lens and dichroic mirror also affected the final power
reaching samples. The power was measured after the laser transmitted through the
system using a thermal detector (Thorlabs S322A) rated for 200 W[39] and a power
meter (Thorlabs PM100). Measurements were performed with fellow graduate student Jordan Kanko. Power was measured over a range of power percentages set using
the external controller. Results are plotted in figure 3.1. Power scales vary linearly
with the set percentage from 10% through to 100% as evidenced by the R2 value of
0.9997 from the linear regression fit. The equation relating power, P , with percentage,
p% was

P = 0.8437p% − 5.090.

(3.1)

Below 10%, there was no measurable output. Since no zero point was added and the
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power dropped to zero before reaching p% = 0%, the power appears to become negative. However, this equation is valid only for percentages above 10%. The maximum
power was 78.4 W. Thus 21.6% of the laser power was lost transmitting through the
optical system.

Figure 3.1: The power was measured as a function of percentage set using the external
controller of the laser. Error bars representing the variation seen on the
power meter during measurement were smaller than the markersize and
consequently omitted from the plot. The red line plotted on top of the
data is the fit from using a linear regression algorithm.
Many of the experiments presented in this thesis required constant energy pulses.
In order to verify that pulse energy was consistent for various parameters, and to also
examine the power profile of pulses as a function of time, photodiode measurements
were performed. The laser was incident on a diffuse scatterer, a white business card,
at an angle of 45o . A photodiode (Thorlabs D400FC) was then used to measure a
fraction of the scattered light. Pulse durations were on the order of microseconds,
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easily captured by the photodiode, which was an InGaAs detector with a rise/fall time
of 0.1 ns [40]. The photodiode signal was recorded with an oscilloscope (Tektronix
DPO 3034). The laser was triggered with a function generator (Tektronix AGF
3022B). The photodiode provided a power profile in units of voltage as a function of
time. In order to move from power in units of voltage to power in units of watts, a
scaling factor, C, needed to be determined. A waveform with a constant repetition
rate, frep , was generated with the function generator. The average power, Pavg , was
measured with the thermal detector described above. The pulse profile was also
measured using the oscilloscope and the area, A, was determined using Simpson’s
rule. The pulse energy, Ep , was then related by

Ep = A × C
=

Pavg
.
frep

(3.2)

Pavg
.
Afrep

(3.3)

The scaling factor was therefore given by

C=

The scaling factor was then used to find the pulse energy for various pulse parameters.
As defined in equation 3.2, the pulse energy was found by multiplying the scaling
factor with the area of the pulse profile determined from using Simpson’s rule.
The pulse parameters are defined in figure 3.4. The pulse energy was measured
for symmetric pulse sequences with three different pulse durations, 50 µs, 70 µs and
90 µs, and various powers and pulse delays. The pulse delay is the time between the
two laser pulses. The results are plotted in figure 3.2. The datasets were all done
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at full peak power, except for four datapoints. The 70 µs and 90 µs datapoints with
pulse energies of ∼7.5 mJ were done with powers of 71.4% and 55.6%, respectively.
These pulse durations and powers were used to compare various pulse durations with
constant pulse energy. Note that the datapoint plotted in magenta is also a 50 µs
symmetric pulse sequence, but is an average of ten trials. The error bars are the
standard deviation of those trials. This was done to characterize the variability of
all measurements. Percent error was 1.6. There is some variation in pulse energy as
a function of pulse delay, particularly in the 70 µs data. The average pulse energies
for the 50 µs, 70 µs and 90 µs datasets were 7.32 mJ ± 0.09 mJ, 10.40 mJ ± 0.27
mJ and 13.71 mJ ± 0.11 mJ, respectively. The error is determined by the standard
deviation. The maximum percent error, from the 70 µs data, was 2.58%. Thus pulse
energy is approximately constant as a function of pulse delay.

3.2

Motion Control

The motion control can be separated into two main components, the translation
stages and the fast-scanning galvanometric mirrors (galvos). The translation stages
provide separate XYZ motion through two horizontal motorized stages (Aerotech
ANT130-160-XY-25DU-XYZ-CMS-NONE) and a vertical motorized stage (Aerotech
ANT130-060-L-Z-25DU) mounted together. The Z-stage is assisted with compressed
gas. The stages are driven using an Aerotech Npaq. The XY-stages have travel
ranges of 160 mm, maximum speeds of 350 mm/s and maximum accelerations of 9.8
m/s2 . The Z-stage has a travel range of 60 mm, a maximum speed of 200 mm/s
and a maximum acceleration of 9.8 m/s2 . Mounted on the Z-stage is a platform
which provides a surface perpendicular to the processing beam where samples can be
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Figure 3.2: Pulse energy is measured as a function of pulse delay for various symmetric pulse sequences. Peak power was constant except for the 70 µs and
90 µs datapoints with smaller pulse energies matching the 50 µs data.
The 50 µs average was an average of 10 trials and errorbars represent the
standard deviation.
mounted.
The galvos provide rapid scanning over a much smaller range of travel. By using
driving voltages, the mirrors can be deflected precisely and quickly, achieving scan
speeds of 5000 mm/s. The galvos (Cambridge 6240HM40A) are driven using an
Aerotech Nmark. The range of travel is limited by the aperture of the focusing optic
in the beam path. For the telecentric lens primarily used, the field of view is 28.9
mm × 28.9 mm. However, as the angle of the light incident on the telecentric lens
increases, alignment between two beams of different wavelength deviates. In order
to maintain an alignment of <15 µm between the machining beam and the imaging
beam, the scan field is reduced to 10 mm × 10 mm [41].
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During fast scanning experiments, the galvos suffered from erratic jumps. The
electronics responsible for converting a digital signal to an analog signal before being
passed to the galvos are housed in an electrical box and mounted on a heat sink. Upon
examination, the heat sink was painfully hot. Power supplies were also contained in
the box generating heat. The temperature of the box was reduced by machining holes
on opposite walls and mounting two computer cooling fans on one side to increase
air flow. This cooled the box and removed the erratic jumping scanning issues. The
experiments presented in this thesis do not make use of scanning the galvos. Hence
the galvos are kept stationary, but turned on, in their homed position for all described
experiments.

3.3

ICI System

The ICI system is a Michelson interferometer integrated with a machining laser, as
described in section 2.3. The Michelson interferometer is a combination of fibre optical
components and free-space components. The laser is incorporated with the imaging
light in free-space and the general schematic is shown in figure 3.3. The imaging
lightsource is a broadband superluminescent diode (Superlum BLM2-D-860-G-I-10)
with a center wavelength of 864.3 nm and a spectrum width of 74 nm. The light is
propagated via a 4 µm core single-mode fibre (Corning HI780C), split using a 50/50
fibre beam spliter and coupled into free-space using a fibre collimator (OZ Optics
HPUCO-2,A3A-840-S-20-AC). The imaging light is combined with the processing
beam using a custom-made dichroic mirror in the sample. The laser transmits through
the dichroic while the imaging light is reflected. Afterwards, the combined light is
passed through the galvos, focused using a telecentric lens (Thorlabs LSM05-BB) and
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is incident on the sample. Reflected light from the sample is coupled back into the
fibre collimator. The reference arm contains polarization control in order to match
the polarization in both arms. The imaging light is coupled into free-space via a
fibre collimator as before. The reference arm also contains dispersion compensation
to account for the focusing optics in the sample arm. A lens (Thorlabs LA1986-C)
was also placed in the reference arm in order to control the intensity of the imaging
beam between the two arms separately. Finally, the imaging light is reflected off a
mirror and coupled back into the fibre collimator. Light from both the sample and
reference arm are recombined at the 50/50 splitter and coupled into free-space via
a collimator in the spectrometer arm. The light transmits through a transmission
grating (Wasatch Photonics SN:1463-01), separating the frequency content of the
light in space. Finally the light is focused on a line camera (Basler spL4096-70km).

3.3.1

Alignment Procedure and System Properties

The imaging beam is aligned to the machining beam. The machining beam has a
visible guide beam and can be easily aligned in the optical system first. Alignment is
done using a custom LabVIEW program (gaussianprofilercamera32.exe), written by
former graduate student Paul Webster, and a 2D CMOS camera (µEye UI-1485LEM-GL). The focus of the machining beam is found on the camera by locating the
z-position at which the spot size is minimized. The imaging light is then found on
the camera and the fibre collimator mount is adjusted to move the imaging spot to
be overlapping with the machining beam. The camera is then moved 500 µm down.
The imaging light is again found on the camera and the dichroic mirror mount is
adjusted to move the spot on top of the machining beam. This process is iterated
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Figure 3.3: Schematic of the optical system combining the Michelson interferometer
of the ICI system and the machining laser. Image taken from [41].
many times until both spots are aligned when moving between the two z-positions.
The camera pixel size, 2.2 µm, determines the error on the alignment but could be
improved upon using fitting algorithms.
This alignment process was used during the offset imaging experiments in Chapter
5. Instead of aligning the imaging beam on top of the machining beam, the imaging
beam was aligned 11 µm, 22 µm or 30.8 µm to the left of the machining focus in both
the focal plane and the 500 µm below plane. This ensured the beams were parallel
in space. Due to the cylindrical symmetry of machining a hole, the direction of the
offset was irrelevent.
The LabVIEW program was also used to measure the spot size at the focal position. The program used the pixel intensity to fit a gaussian in two directions and
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determined the 1/e2 diameter. The machining beam was measured to have a spot
size of 30 µm. The imaging beam spot size was measured to be 35 µm.
Other important optical properties of the system were characterized by fellow
graduate student Jordan Kanko. The half aperture acceptance angle of the imaging
system with the telecentric lens was determined to be 3.2o ± 0.1o . Kanko also determined the sensitivity roll-off. As an interface moves deeper, i.e. farther away from
the zero-delay point, the intensity of the signal decreases. Using a gold mirror, he
found that the intensity of an A-line decreased 27 dB over 900 µm. Within the first
few hundred microns, the roll-off is on the order of a few dB. Experiments performed
in this thesis are well within this range so sensitivity roll-off is a minor effect.

3.3.2

Optical Component Adjustments

In the later offset imaging experiments, it became desirable to have an imaging spot
size smaller than the machining spot size. In order to achieve this, changes were
made to the reference and sample arm. A beam expander (Thorlabs GBE02-B) was
placed in the free-space portion of both the sample and reference arm, to maintain
dispersion compensation and to increase the diameter of the collimated imaging beam
prior to focusing. This allowed the beam to be focused to a smaller spot. The beam
expander was placed in between the fibre collimator and the dichroic mirror so that
the machining beam was unaffected. A planoconvex lens (Thorlabs LA1384-B) was
also used in place of the telecentric lens to avoid ellipticity effects from the telecentric
lens. The planoconvex lens had a focal length of 125 mm, comparable to the 110
mm effective focal length of the telecentric lens. After the changes to the optical
components of the ICI system, the machining beam had a spot size of 30 µm as
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before. The imaging beam spot size was reduced to 28 µm.

3.3.3

Spectrometer Calibration

The original position of the spectrometer - consisting of the fibre collimator, the
transmission grating and the line camera - was directly on the optical table beside the
micromachining system. The spectrometer was also mounted on a small breadboard
(1200 × 2400 ) enabling it to be easily moved without losing alignment. The spectrometer
was moved behind the micromachining system to increase optical table space. This
meant re-aligning the spectrometer. The alignment process followed was developed
by former graduate student Paul Webster and modified by fellow graduate student
Yang Ji. Neither student documented the process in their theses.
The optical plane is defined by the height of the fibre collimator. The collimated
beam is made to be perpendicular to the breadboard on which it is mounted. The
line camera, with no focusing optics, is then placed in the same plane with the beam
centered on the linear pixel array. The transmission grating is mounted with a rotating
base and placed in between the collimator and the camera. The signal intensity on the
line camera is maximized for the first-order diffraction by rotating the transmission
grating. The lens is then placed on the line camera. The signal intensity is again
optimized by adjusting the collimator mount, the transmission grating mount and
the focusing lens and iterating through each adjustment several times. This is due to
the lack of motion control on the lens mounted on the line camera.
Once the signal is optimized, the frequency content on the camera must be characterized in order to map pixel number to wavelength. This is done using an argon
lamp and its corresponding National Institute of Standards and Technology (NIST)
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data for the spectral peaks. The light from the argon lamp is coupled into the fibre
collimator in the sample arm and propagates into the spectrometer. The argon peaks
are separated spatially by the transmission grating. By examining the raw signal on
the line camera pixels, twelve argon peaks can be identified providing datapoints with
pixel and wavelength data.
The wavelength versus pixel number data is fit using a fourth-order polynomial
in Matlab using a least-squares algorithm. The five coefficients, the current values of
which are listed in table 3.1, are then used in a custom LabVIEW program, along with
the pixel length and starting pixel to be used by the line camera, and a calibration file
is generated. The calibration file records the wavelength for each pixel in the given
range. This calibration file was then used extensively in the LabVIEW programs that
captured ICI images.
Coefficient
Fit Value
a0
1.3201 × 103 nm
a1
-3.0910 × 10−1 nm
a2
8.2594 × 10−5 nm
a3
-2.5546 × 10−8 nm
a4
2.8537 × 10−12 nm
Table 3.1: Fourth-order polynomial coefficients from the least-squares fitting of the
current pixel and wavelength data.

3.4

Operation and Synchronization

Many of the experiments presented in this thesis made use of custom LabVIEW
code written by the author. The codes made use of the sub virtual instruments
(VIs) written by fellow graduate student Yang Ji. The experiments needed custom
wavefunctions generating specific pulse sequences. The terminology for the pulse
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sequence components is defined in figure 3.4. A pulse sequence is comprised of several
pulse trains. Pulse trains are made up of two pulses, with a first and second pulse
duration defining their length. In between them is a pulse delay. The last component
is the train delay which defines the time in between each pulse train.

Figure 3.4: Terminology used to describe pulse sequences. Each sequence is comprised
of pulse trains with two pulses in each train. The colour scheme of red
representing the laser firing, yellow representing the pulse delay and green
representing the train delay will be used again when examining offset
imaging experiments in Chapter 5.

3.4.1

Fast Fourier Transform Data Processing

The ICI results from homodyne filtering were compared with those from traditional
Fourier transform processing in section 2.3.2. The code used to process the interferograms and to generate several images was done using the fast Fourier transfom
algorithm in Matlab. The Matlab code took a given starting pixel number and pixel
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length and calculated the wavenumber for each pixel using the coefficients determined during the spectrometer alignment. The background was subtracted from the
raw interferogram data. In order to perform the FFT, the wavenumber data had to
be evenly spaced. A linear interpolation was performed using the Matlab function
interp1. The data was fit with a gaussian and multiplied by the gaussian in order to
remove square edges and smoothly force the function to zero. Finally the FFT was
taken moving from wavenumber space to z-space. This produced an A-line processed
using an FFT.

3.4.2

Homodyne Filtering Code

Fellow graduate student Yang Ji wrote extensive LabVIEW programs to record, liveview and replay ICI images [41]. In order to do this, he created many useful sub
VIs. At the core of his programs was the homodyne sub VI which was used to
process the interferograms and produce A-lines. The program required two inputs
including the calibration file from the spectrometer calibration and a sample reference
arm interferogram representing the background signal taken when the sample arm is
blocked. The reference arm data is smoothed by averaging over 3 or 5 nearestneighbours, depending on how many nearest neighbours are available. The reference
arm data is also fit with a gaussian. The homodyne matrix is calculated using equation
2.9 and returned by the sub VI. Sample data, with the background subtracted, can
than be multiplied with the homodyne matrix to calculate the A-lines.
The homodyne sub VI was also used as the basis of the programs used in this thesis.
The programs were also written to be as automated as possible. An autofocusing sub
VI was written to ensure the metal plate to be machined was in the focal plane of the
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laser. Samples could not be mounted perfectly flat, thus the height had to be changed
when moving to a new spot on the metal. The line camera was triggered to take an
image, process the data with the homodyne sub VI and determine the current depth
by the brightest pixel. If the current depth was not at the set point, the z-stage was
moved. Another A-line was taken and current depth was displayed on the GUI to
ensure to the user the auto-focusing worked. This required previous knowledge of the
height at which the focal plane of the laser was located.
The LabVIEW programs were also written to self-trigger the line camera and laser.
An Aerotech program was run which sent a trigger to the DAQ, initializing the generation of two digital waveforms - one for the line camera and one for the laser. Ji had
previously written a sub VI to generate a dual digital waveform. His code was modified to generate two-pulse sequences and more specific camera triggering sequences.
The parameters of the waveforms were defined using the GUI and the user was able
to define the two-pulse sequence, as well as the line camera trigger sequence including
number of A-lines to acquire before and after laser processing. In order to automate the program, the code was made to move X and Y stage positions and acquire
datasets for many holes. Ji had previously acquired sub VIs to connect LabVIEW
with the Aerotech stages. The pulse sequence parameters were defined either with
initial conditions and steps to be taken for each trial (TwoPulseBeforeAfterTest.vi)
or each individual parameter was coded into the program (TwoPulseBeforeAfterCodedParams.vi). The code autofocused before every hole ensuring consistent initial
surface positioning. This proved very useful for taking before and after data for many
parameters with one run of the program.
Another version of the code was written to take ICI data during processing
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(TwoPulseMattTrigger5.0.vi). The autofocusing and triggering worked as before but
the ability to ablate many holes in one run was removed. Instead, each dataset was
acquired individually. This allowed each dataset to be inspected quickly after each
run to determine whether another sample was required or not. As will be shown in
Chapter 5, the melt dynamics were faint and required many trials. Inspecting each
run individually while collecting data ensured useful data was acquired.

3.4.3

Synchronization of the Line Camera and Laser

The custom code waveform outputs were verified using an oscilloscope (Tektronix
DPO 3034). A sequence with 20 pulse trains was generated. The first and second
pulse durations were 50 µs with a pulse delay of 30 µs and a train delay of 500 µs.
The line camera was given 2 µs triggers every 5 µs to achieve a repetition rate of
200 kHz. Shown in figure 3.5 is the twentieth pulse train in the sequence. The line
camera trigger and laser trigger were still synchronized after more than a millisecond
into the pulse sequence.
While the line camera and laser triggers remained synchronized over the range
of the digital waveforms, the response of the laser was delayed with respect to the
trigger. Power profiles were obtained with a photodiode (Thorlabs D400FC) for laser
pulses triggered using a function generator (Tektronix AGF 3022B). The function
generator produced two-pulse sequences as defined above. The results are shown in
figure 3.6. The top graph represents the first pulse train produced. The bottom graph
represents a pulse train later in the sequence. In both cases, there was a noticeable
delay between the trigger function and the photodiode response. The delay was not
due to the photodiode, which had nanosecond rise and fall times. The first pulse train
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Figure 3.5: The laser and camera trigger waveforms generated in the LabVIEW code
used to perform two-pulse ablation experiments. The twentieth and final
pulse train is presented demonstrating the synchronization of the triggers
over the full range of the waveform.
in the sequence had a slower response than those that came after. For the typical
pulse sequence, as shown by the bottom figure, the first pulse was 10 µs delayed and
turned off 4 µs after the trigger had finished. The second pulse began 7 µs after the
trigger and continued an additional 4 µs, as with the first pulse. These delays were
observed in the offset imaging experiments of Chapter 5.
Despite the first pulse train experiencing a longer delay between triggering and
the laser firing, the pulse energy was less than one millijoule smaller. After twenty
pulse trains, this accounted for less than 1% of the total energy delivered by the pulse
sequence. All experiments presented in this thesis used ten or more pulse trains in
their sequences so the energy lost from the first pulse train was negligible. Also note
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Figure 3.6: Photodiode response measuring the laser performance for the given triggers. Pulse energy was also calculated and displayed. The top graph
represents the first pulse train in a sequence and exhibited longer delays.
The bottom graph represented pulse trains after the first train and still
suffered from microsecond long delays. Note that the trigger waveform,
plotted in red, has been scaled with magnitude of the photodiode waveform but is not in units of power. Rather it is in units of voltage.
that the pulse energies calculated in secton 3.1 above, were done using pulse trains
later in the sequence to avoid the lower pulse energies of the first train.

3.5

Machining Samples

Ablation experiments were performed on 304 stainless steel sheets purchased from
Pure Ingenuity. The steel coupons were 18 cm × 15 cm with a thickness of 16 gauge
(1.65 mm). Initial parameter exploration experiments were done using coupons with
a laser finish while the later experiments had a worse surface finish (2B). Coupons

3.6. PICOSECOND LASER

50

were cleaned with acetone and methanol prior to ablation.

3.6

Picosecond Laser

A picosecond, near IR laser (Attodyne APL-4000-1064) was also brought in to perform
micromachining experiments in thin metals of thicknesses on the order of hundreds of
microns. The picosecond laser was integrated into the existing optical system using
a periscope. Due to time constraints, the rented laser had to be returned before
detailed experimental results were acquired. As such, the experiments performed are
not detailed here in order to focus on the two-pulse ablation results.
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Chapter 4
Two-Pulse Ablation Parameter
Space Exploration
In order to understand the initial efficient ablation experiments using two-pulse sequences, discussed in section 2.1.1, a better understanding of how the parameters
affected the material removal process is needed. This chapter simplifies the 3D micromachining problem to a 1D percussion hole-drilling problem. Relevant parameters
to machining are identified and explored by drilling many holes and examining how
the varying laser parameters change the final hole depth. Initially a large parameter
space was chosen. The parameter space was then refined and more holes were drilled
to indentify more statistically-significant trends.

4.1

Initial Parameter Exploration

This research was motivated by the results of Yang Ji discussed in 2.1.1. His results
were used as the starting point; however, there was a very large parameter space to
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explore. Many parameters contributed to the results he achieved such as duration, energy and shape of the first and second pulse, average power of the laser, time between
the two pulses, time between the two-pulse sequences, spot size of the laser, assist gas
used during ablation, number of pulse trains used and position of the stainless steel
plate with respect to the focus position of the laser. The 3D machining was done by
rapidly scanning the laser with galvonometric mirrors (galvos) through a scan pattern
and firing when the depth was higher than the target depth. The scan speed of the
galvos determined the time between the two-pulse sequences. Many factors, known
and unknown, played a role in producing the three dimensional structures.
In order to simplify the problem, the machining was reduced from three dimensions
to one. The ablation of holes was studied in stainless steel (type 304, gauge 16) using
two-pulse sequences. The galvos were activated but left in their homed position, i.e.
stationary, during the machining and the time between pulse sequences was set in the
code. No assist gas was used during the machining to remove effects from reducedoxygen environments. All machining experiments were performed with the virgin
surface of the stainless steel plate being located in the focal plane of the laser. This
simplified three of the parameters but many still needed to be explored in order to
determine their importance. The objective was to tune the parameters to reproducibly
maximize the depth of an ablated hole at its center while also attempting to minimize
the HAZ in the surrounding material.
The first experiment to explore the dependence of the ablation on the parameters
made use of Ji’s parameters. The pulse sequence, defined in terms of the parameters
of figure 3.4 was set at a first-pulse duration of 50 µs, a pulse delay of 30 µs and a
second-pulse duration of 50 µs. Holes were drilled for train delays of 170 µs, 1000 µs
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and 10000 µs and total number of pulse trains of 10, 20, 30, 40, 50 and 100. The laser
power was set at the maximum 78.4 W, that is the power after propagating through
the transmission optics. This corresponds to setting the laser output power to 100%
on the external-control console. Five holes were drilled for each set of parameters
and the results are plotted in figure 4.1. Depth change was defined as the difference
in z position before ablation and after the laser finishes firing. For each hole, one
hundred A-lines were taken before and after the processing with a delay of 2 ms in
between the laser finishing firing and the spectrometer capturing the post-processing
A-lines. This gave the interface ample time to settle after processing. To determine
the position of the interface, each A-line was searched for the z-position that contained
the brightest signal. This is known as brightest-pixel depth-tracking. The Matlab
code written by fellow graduate student Jordan Kanko was used to perform brightestpixel depth tracking on the data. The brightest-pixel depths were then averaged and
the difference was taken. The differences of the five holes were then averaged and
the standard deviation of the five results determined the error bars on the graph. An
example a hole created using Ji’s parameters, 20 pulse trains and a train delay of 500
µs is shown in figure 4.2.
Note that throughout this thesis, standard deviation is used to represent the error
on plots as opposed to standard error. While the degree of certainty on the average is
important, is it more valuable to understand the spread in depth around the average.
For a parameter to be useful for micromachining, it must provide reproducible results.
Otherwise, reproducing a part would be impossible.
More pulse trains resulted in a large hole depth as would be expected. More trains
provided more energy for material removal. The shorter the train delay between pulse
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Figure 4.1: Exploration of the dependence of average depth change on train delay
and number of pulse trains fired in 304 stainless steel. Each data point
represents an average of five holes and the error bars correspond to the
standard deviation. Laser power was 78.4 W and the virgin surface was
placed at the focus of the laser. Positive depth change indicates a hole
that ablated into the bulk material.
sequences, the more material removed. Heat remaining in the part in between pulse
trains allowed for more ablation and less energy to be spent on temperature changes.
Thus the shorter the time between pulse sequences, the greater the ablation to a
point. The maximum depth did not continue to grow at the same quick rate for large
numbers of pulses. Once the depth was too large, the pulse train could not provide
enough energy for material at the bottom to escape the tall walls of the ablated hole
as efficiently. The HAZ grew visibly with more pulse trains as did the diameter of the
hole. More energy was spent on widening the hole than deepening it. Since the goal
was to reproducibly maximize depth while minimizing HAZ, the parameters of 40

4.2. DEPTH DEPENDENCE OVER AN EXPANDED PARAMETER
SPACE
55

Figure 4.2: A top down view of a typical ablated hole. The parameters used were
first and second pulse durations of 50 µs, a pulse delay of 30 µs, a train
delay of 500 µs and a total of 20 pulse trains at a power of 78.4 W. The
sample has not undergone any post-process cleaning.
pulse trains with a train delay of 170 µs were chosen for the next set of experiments.
They produced a depth of 83.2 µm ± 5.89 µm.

4.2

Depth Dependence Over an Expanded Parameter Space

Once the train delay and number of pulses was decided, the next challenge was
investigating the effects of the duration of the first and second pulse as well as the
duration of the delay between the two pulses. A large parameter space spanning two
orders of magnitude for the duration of the pulses and three orders of magnitude for
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the pulse delay was defined. The set parameters are defined in table 4.1 and combine
to make a total of 175 possible combinations. Each combination was used three
times, all with a power of 78.4 W, and the change in depth was determined using
the same brightest pixel process as above. The pulse energy was not kept constant
between parameter sets. Now instead of averaging the 100 A-lines before and after the
ablation, the mode of the A-lines was taken. After examining the images individually,
it was observed that if the initial virgin surface was not smooth or the bottom of the
ablated hole was not a well-defined flat reflector, there was some variation in between
A-line measurements, such as in figure 4.3. Rather than have a few bad A-lines skew
the average, the mode was used to identify the most likely candidate for the interface.

First Pulse [µs]
30
50
100
200
500

Pulse Delay [µs]
0
30
50
100
200
500
1000

Second Pulse [µs]
30
50
100
200
500

Table 4.1: All combinations of the first-pulse duration, pulse delay and second-pulse
duration listed were used three times to explore how average ablation depth
depends on energy distribution in time.
The results are shown in figure 4.4. Admittedly, there is a lot of information on
this graph. The shape of each point corresponds to the duration of the first pulse.
The colour of each point corresponds to the duration of the second pulse. The x-axis
represents a logarithmic scale of the pulse delay but has been labeled the actual pulse
duration to improve readability. Note also that the zero-point pulse delay has been
plotted at the position corresponding to a pulse delay of 20 µs to reduce the length of
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Figure 4.3: A sample B-mode image of virgin surface, i.e. the first 2000 µs, and
the post-ablation surface, i.e. the last 2000 µs, for the parameter set with
pulse durations of 30 µs, a pulse delay of 50 µs, a train delay of 170 µs and
40 pulse trains. The interface was placed on the zero-delay side in which
a deeper depth moves away from the zero-point. The ablation process
removed 37 µm of material. The brightest-pixel depth was tracked and
marked with a magenta marker.
the x-axis. Lastly, each pulse delay has been separated into five groups of five in space
about each tick on the graph so that all individual parameter combinations can be
resolved. With only three trials used to calculate the average and standard deviation
for each parameter combination, it was hard to make any concrete statements relating
each parameter to average depth change but several trends appeared to emerge from
the data. The vast majority of parameter combinations led to an average depth
change of zero. When the pulse durations were on the order of the pulse delay,
the ablation increased. For example, with a pulse delay of 30 µs, the sets that had
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noticeable ablation were those corresponding to pulse durations of 30 µs and 50 µs
(i.e. the red and green circles and squares). When the pulse delay was much longer,
it was the longer pulse durations that exhibited a large change in depth. For a pulse
delay of 500 µs, pulse durations of 500 µs (i.e. the cyan star) resulted in the best
results, albeit with a large standard deviation.

Figure 4.4: Average depth change for 175 different combinations of first pulse duration, pulse delay and second pulse duration. The first pulse duration is
denoted by the symbol on the graph while the second pulse duration is
denoted by the colour of the symbol. The train delay was 170 µs and
40 pulse trains were used for all parameter sets. The average power of
the laser was 78.4 W. Each point is an average of three trials and the
standard deviation represents the error. Note that the parameter combinations have been spread out about their pulse delay (labeled on the
x-axis) into five groups defined by their second pulse duration value. This
was done to more easily view all results simultaneously.
While the 500 µs pulse sequences produced the largest changes in depth, it should
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be noted that their pulse sequences delivered more energy than the shorter pulse duration sequences. Plotted in figure 4.5 from the same results of the previous graph,
are only the symmetric pulse train results, with the 30 µs data being excluded. Symmetric trains were defined as those having an equal first and second pulse duration.
The 50 µs pulse sequences achieved a maximum average depth of 73.5 µm for a pulse
delay of 30 µs. The 500 µs pulse sequences achieved a maximum average depth of
143.6 µm for a pulse duration of 500 µs. Despite having 10 times more energy, the
longer pulse sequences only produced hole depths that were approximately twice as
large. The goal was to maximize hole depth, not volume removed so the next section focused around the shorter pulse durations. With the general trend identified,
the next step was to explore how average depth change depends on the relationship
between pulse duration and pulse delay.

4.3

Depth Dependence Over a Refined Parameter
Space

The smaller parameter space was again influenced by Ji’s results, as well as those
discussed above. Here the pulse durations were all kept within one order of magnitude,
on the order of 10 µs like Ji’s chosen durations, and the pulse delay changed by two
orders of magnitude but the steps between each were much smaller. The complete set
of parameters used are found in table 4.2. In total there were 112 possible parameter
combinations while the pulse delay and the number of pulses used were kept constant
at 170 µs and 40, respectively, as before. The power was again set to 78.4 W. Each
parameter set was used to ablate eleven different holes. The mode of the depth was
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Figure 4.5: A subset of the average depth data presented in figure 4.4. Only symmetric pulse train results are shown. Datapoints are still an average of three
trials and the error bars still represent the standard deviation. Note also
that the results are no longer spread out about their pulse delays.
found before and after using the brightest-pixel method and the difference of the
eleven holes were averaged. The results are plotted in figure 4.6. The data sets are
again spaced out around their actual pulse delay in order to improve readability. For
each pulse delay value, there are four groups of four data points with a different shape
and colour representing the different first and second pulse durations respectively with
two colours on either side of the given pulse delay value.
The trends of longer-duration pulses doing poorly at shorter pulse delays and the
shorter-duration pulses ablating less at longer pulse delays were observed. For small
pulse delays of 0 µs and 10 µs, the long pulses, represented by blue and magenta
diamonds and triangles, removed very little material. In fact, they were more likely
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First Pulse [µs]
30
50
70
90

Pulse Delay [µs]
0
10
30
50
70
90
100
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Second Pulse [µs]
30
50
70
90

Table 4.2: All combinations of the first pulse duration, pulse delay and second pulse
duration listed were used eleven times to explore how average ablation
depth depends on energy distribution in time.
to cause the surface to melt, re-solidify and expand as evidenced by their negative
average depth change values. For longer delays of 70 µs, 90 µs and 100 µs, the longer
pulses resulted in the largest average depth changes while the short pulses, such as
the red circles corresponding to 30 µs first and second pulse durations, saw a steady
decline in material removed. The next section takes a closer look at some examples
of this data set, specifically symmetric pulse trains. Aysmmetric pulse trains were
also examined. Taking a subset of the results of the parameter sets from table 4.2,
four different combinations of first and second pulse duration are plotted in figure 4.7.
There was no obvious advantage of beginning a pulse train with the longer or shorter
pulse in an asymmetric pulse train. Beginning the pulse train with a short first pulse
duration and ending with a large second pulse duration produced varied results, as
evidenced by the large error bars on the 30 µs & 90 µs data. As there was no obvious
advantage to asymmetric pulse trains, the next section focuses on symmetric pulse
trains.
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Figure 4.6: Average depth change for 112 different combinations of first-pulse duration, pulse delay and second-pulse duration. The first-pulse duration is
denoted by the symbol on the graph while the second-pulse duration is
denoted by the colour of the symbol. The train delay was 170 µs and 40
pulse trains were used for all parameter sets. The peak power of the laser
was 78.4 W. Each point is an average of eleven trials and the standard
deviation represents the error. Note that again the parameter combinations have been spread out about their pulse delay (labeled on the x-axis)
into four groups defined by their second pulse duration value.

4.3.1

Symmetric Pulse Trains

The results from spanning the parameter space defined in table 4.2 were further
analyzed by looking exclusively at the pulse trains in which the duration of the first
and second pulse are equal, defined here as symmetric pulse trains. For the four
different possible pulse durations, the average depth change is plotted in figure 4.8
with a dashed line to outline the general trend. For the two shorter pulse durations, 30
µs and 50 µs, there was a pulse delay such that the material removed was maximized.
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Figure 4.7: Average depth change for four different sets of first and second pulse
durations. The first pulse duration of the train is listed first in the legend,
followed by the second pulse duration. This data is a subset from the
results of figure 4.6. Each point is an average of eleven trials and the
standard deviation represents the error. The data is no longer spread out
in the x-axis.
The longer pulse duration data, 70 µs and 90 µs, still appeared to have increasing
depth with pulse delay and hence no obvious maximum. While the window of pulse
delays used for the smaller parameter space was too short to reproduce the results,
the data from the large parameter space search results, figure 4.4, suggests that
the depth would eventually decrease with increasing pulse delay. Furthermore, the
standard deviation was often smaller near the maximum average depth changes. The
most reproducible holes tended to be the deepest ones for symmetric pulse sequences.
Why such a “sweet spot” exists for the pulse durations and delay, required information
about the dynamics occuring during ablation and in between subsequent pulse trains.
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ICI provided a tool in order to do just that.

Figure 4.8: Average depth change for symmetric pulse sequences with four different
pulse durations. Data taken from the refined parameter set results where
each point represents an average of eleven trials and the error bars are
determined by the standard deviation.
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Chapter 5
Offset Imaging
The previous chapter helped to determine the importance of various parameters to
the depth change during two-pulse ablation. It provided results for the total ablation
by comparing the height of the initial surface to that of the final surface. While
valuable, it provided no information about the dynamics of the actual ablation process. This chapter aims to image the two-pulse ablation process with ICI in order
to observe the movement of the interface throughout the pulse sequence. First, the
dependence of hole depth and number of pulse trains in a sequence was re-examined
by tracking the height of the hole throughout the pulse sequence. Then offset imaging experiments were performed by changing the position of the imaging beam with
respect to the machining beam. This allows the surface dynamics to be observed at
different points in space during the ablation process. Melt dynamics are observed at
four different positions: minimal offset, small offset, medium offset and large offset,
shown schematically in figure 5.1. The movement of the liquid melt is tracked during
the laser firing and post-ablation.
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Figure 5.1: The four offset configurations are shown schematically with the red circle
representing the smaller machining beam spot and the orange representing
the imaging beam spot size. No offset corresponds to an offset of 0 µm.
Small offset corresponds to an offset of 11 µm. Medium offset is 22 µm
and large offset is 30.8 µm.

5.1

Offset Imaging Experiments

The first offset imaging experiments began with a re-examination of the importance of
total number of pulse trains previously looked at in section 4.1. The imaging SLD and
laser were left aligned, to within ± 2.2 µm. The alignments for all experiments in this
chapter were done using the alignment procedure described in section 3.3.1, where
the resolution of alignment is limited by the camera. The parameter exploration
experiments were done using forty pulse trains as that number had been found to
maximize depth and reproducibility. This was re-tested by comparing results using
twenty and fifty pulse trains and examining how the final interface changed during
the ablation process. Ten trials were performed using symmetric pulse durations of
50 µs, a pulse delay of 30 µs, a train delay of 500 µs, a peak power of 78.4 W and the
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virgin surface was placed in the focal plane of the laser. Note that the train delay has
been increased from 170 µs to 500 µs. This was done to reduce residual heat in the
part that accumulated between pulse trains. With a longer pulse train delay, there
was minimal heating overlap effects between pulse trains. The spectrometer captured
A-lines every 5 µs, thus imaging at a rate of 200 kHz.
In all experiments presented in this and future chapters, the focal plane of the laser
has been moved to the other side of the zero delay point and placed at 200 µm above
zero. When material is ablated and the interface moves deeper into the material,
this will correspond to an interface moving towards the zero point. This avoided the
sensitivity roll-off issue when moving away from zero, increasing the spectrometer’s
ability to capture weak interfaces during the ablation process.
The line camera and laser trigger waveforms were constructed such that there was
a delay between imaging and processing onset. Before the laser fired, the spectrometer
captured 40 A-lines. After the last train delay in the laser waveform, there was also an
extended period for the spectrometer to capture an additional 200 A-lines, observing
the interface and hole as they settled post-ablation. Figure 5.2 shows a sample ICI
image of the ablation process for 50 pulse trains. Note that the image has been
binned by the plotting software in order to display the full time window, however, the
descent of the interface is still clearly visible. Initially the interface rose as the top
surface was melted but not removed. After approximately five to ten pulse trains, the
interface began to descend into the bulk material of the metal as the laser effectively
removed liquid metal. The interface depth then oscillated around the final height,
∼50 µm below the top surface. Additional pulses would still increase the volume of
the hole, but material removal would be predominantly from the side walls. When the
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laser was firing, the interface temporarily disappeared before reappearing, often with
a descending interface and then solidified before the next pulse train arrived. There
are also several examples of saturation in this image. As discussed in subsection 2.3.3,
ringing of the interface due to the dynamic range of the line camera being exceeded
caused surfaces to appear higher in the image, many of which were present around
300 µm.

Figure 5.2: ICI image of two-pulse ablation in stainless steel using fifty pulse trains.
The pulse durations were 50 µs, the pulse delay was 30 µs, the train delay
was 500 µs, the peak power was 78.4 W and the virgin surface was placed
at the focus of the laser corresponding to a depth of 200 µm.
The lower depth of the ablation process was reached very quickly in the fifty pulse
train results. This was also seen in the twenty pulse train results, an example of
which is shown in figure 5.3. The approximate lower depth was reproducibly reached
after five to ten pulse trains in ten trials each for trigger waveforms with 20 and 50
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pulse sequences. The interface then oscillated around that depth, descending at a
much slower rate as more material was being removed from sidewalls than the hole
bottom. Twenty pulse trains provided ample energy to reach the lower depth while
more pulses increased predominantly the diameter of the hole and the HAZ. Future
imaging experiments made use of this result, limiting the number of pulse trains to
twenty.

Figure 5.3: One of ten ICI images that made use of the same parameters used in the
fifty pulse train experiments, described in the caption of figure 5.2. Here,
however, the number of pulse trains was reduced to twenty. Saturation
was again visible around ∼300 µm.
These results reduced the number of pulse trains used in future experiments but
also showed the first glimpse of the rich dynamics occuring during ablation. While
difficult to see in the fifty pulse train results, the twenty pulse train figure showed
some of the interesting signatures that will be explored in more detail for various
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offsets between the imaging and machining beams. These features include descending interfaces post-ablation, disappearing interfaces during ablation and sub-surface
features.

5.1.1

Minimal Offset

The experiments above determined the parameters to be used for the following offset
imaging experiments. The imaging light was either inline with the machining light
(corresponding to an offset of zero), or it was offset at 11.0 µm, 22.0 µm or 30.8
µm.The imaging and machining laser spot sizes were 35 µm and 30 µm, respectively.
Thus the offsets corresponded roughly to complete overlap, one-third overlap, twothirds overlap and no overlap. The interesting dynamics occured when the laser was
firing or shortly thereafter. Unfortunately, this meant the interface was barely visible
as the interface was moving and evolving very quickly. As will be shown, there were
instances when light did couple back into the sample arm. In order to maximize
the amount of data collected, many trials were conducted. For each offset distance,
twenty trial holes were ablated and examined.
For the zero offset case, figure 5.3 above showed the general trend. The interface
at the center of the hole decreased to around 50 µm below the top surface. When
the laser was firing, the surface interface disappeared but there were other interfaces
appearing below the surface for short instances of time. Liquid metal provides a
highly-reflective and oscillating surface that can result in an interface appearing and
disappearing quickly. By zooming in on a specific pulse train in the waveform sequence, flashes of the interface can be seen. The fourth train in a sequence is shown
in figure 5.4. The interface was currently higher than its initial depth of 200 µm when
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the laser began firing. After a short delay, ablation began and the interface descended
rapidly, characteristic of the ICI signals from keyholes studied by Galbraith [8]. A
keyhole formed during both the first and second pulses as the melt was forced out of
the hole and a vapour channel was established. During the pulse delay, the interface
quickly rose and reformed a top surface. The second pulse saw a faster ablation onset,
due to the laser firing more quickly, and a deeper keyhole. Once the laser was turned
off, the keyhole collapsed and the interface rose. The interface post ablation appeared
and disappeared a couple of times before solidifying, reminiscent of highly-reflective
oscillating meltpools characerteristic of additive manufacturing ICI images [42].
Examining a pulse train later in the sequence, once the hole had been established,
displayed different dynamics. Shown in figure 5.5 is the seventeenth pulse train in a
sequence. After the laser had been turned off, the melt descended into the hole. Two
separate interfaces combined to form the temporary hole bottom before the next pulse
train. Melt that was forced up the side walls of the hole had returned and settled.
Overall, the zero offset between the imaging and machining beams provided an
insight into the mechanics during the two-pulse train. The pulses created a keyhole
that forced melt out of the hole. During the 30 µs delay, the melt began to fill the
hole again and form the bottom interface before being expelled once more by the
second pulse. During the early formation of the hole, after the laser finished firing,
the interface rose above the initial surface height due to surface tension balling the
metal liquid. Once the hole was established, the melt could be seen descending back
into the hole post-ablation.
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Figure 5.4: A close-up of the fourth pulse train during ablation with minimal offset
between the imaging and machining beams. The coloured lines plotted
on top of the ICI image act as a visual guide for the eye. The green
represents when the laser was off, red corresponds to the laser firing and
yellow is the pulse delay. Also plotted on top of the image in magenta is
the brightest-pixel depth tracking data. It represents in the most-strongly
reflecting interface in each A-line within a specified height range.

5.1.2

Small Offset

The imaging focus and machining focus were then set at an offset of 11.0 µm ± 2.2
µm. There was still a large overlap between them, as the imaging focus had a spot
size of 35 µm ± 2.2 µm and the machining focus had a spot size of 30 µm ± 2.2
µm. Thus similar features to those observed by the zero offset experiments were seen.
Shown in figure 5.6 was one of twenty datasets. The hole was established within
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Figure 5.5: A windowed view of the seventeenth pulse train during an ablation sequence. The first pulse began firing shortly after 10280 µs while the second pulse started after 10360 µs. Post-ablation, two interfaces combined
to form the lowest interface of the hole.
five to ten pulse trains and settled around 50 µm. The interface disappeared during
ablation. The top surface of the metal could now faintly be seen. Located at 200 µm,
it began to appear during the train delays when the interfaces had settled but was
very faint when visible.
However, when looked at more closely, the datasets began to reveal new dynamics.
The interface could still be seen descending into the bulk during ablation but an
interface could also been seen rising out of the hole. Shown in figure 5.7, there is a
changing interface both above and below the initial hole depth. While the center of
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Figure 5.6: A sample of the twenty ICI images taken with an offset of 11 µm between
the imaging and machining lightsources. Twenty pulse trains were used
to create the hole with the same pulse train parameters as before.
the hole descends deeper, more melt was pushed to the outer edges and began to rise
from the hole. This was seen as the rising interface. While faint, it appeared that
the interface rose above 200 µm which would indicate melt being forced above the
hole walls. Also shown was two interfaces combining post-ablation. They did not
form one dominant bottom, rather two distinct levels are created indicating a slightly
higher sidewall remained or an uneven hole bottom was formed.
Even with a small offset of slightly over 10 µm, new dynamics were observed. The
melt could be seen to rise out of the hole during the pulse duration while the bottom
of the hole descended deep into the bulk metal during keyholing.
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Figure 5.7: A zoomed in look at the eighteenth pulse train in a sequence of twenty
with the imaging and machining sources offset by 11 µm. The first pulse
turned on shortly after 10910 µs, visually displayed by the red bar plotted
on top of the graph, and the second began after 10990 µs, denoted by the
second red bar. The brightest-pixel depth was tracked and denoted using
the magenta markers.

5.1.3

Medium Offset

The offset between the imaging and machining beams was then increased to 22 µm ±
2.2 µm further reducing the overlap between them. The top surface of the surrounding
material around the hole was now quite visible throughout the ablation process, even
during the initial hole formation stage when the interface rises above the top surface.
An example of this is shown in figure 5.8. At the end of the twenty pulse sequence,
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the top surface had increased slightly. The diameter of the hole had increased to
the point that the slightly raised edges of the hole were then the dominant highest
interface in the imaging beam. Otherwise the ablation process was very similar to
the previous ones. The hole was only established after 5 to 10 pulse sequences. The
interface moved when the laser was firing, or shortly thereafter.

Figure 5.8: ICI image of 20 pulse trains ablating stainless steel with the imaging and
machining beams offset by 20 µm. The top surface located at 200 µm
above zero is now much more visible throughout the ablation as opposed
to the images with smaller offsets.
By zooming in on specific windows, the melt was again forced upwards in the deep
hole near the end of the ablation pulse sequence. Shown in figure 5.9, the twentieth
pulse train is highlighted. During the first pulse, the interface jumped after the laser
began firing. It then slowly rose as the pulse continued but never rose to the top
surface at 200 µm. During the pulse delay, the interface descended back into the hole
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briefly forming a bottom surface. The second pulse commenced and near the end of
it, an interface appeared above the top surface. The melt was forced above the side
walls and be ejected. Post-ablation, the interface descended back into the hole.

Figure 5.9: The twentieth and final pulse train in an ablation sequence. The interface
rose above the side walls of the hole at the end of the second pulse,
corresponding to the second red bar plotted on top of the ICI image.
A medium offset between the imaging and machining beams provided a better
view of the top surface surrounding the ablation process. It was unaffected until later
in the pulse train sequence when the edges of the hole had expanded in to view. The
melt was also seen to rise in the hole during the ablation process. Initially the force
on the melt was insufficient to overcome the deep hole during the first pulse, however
the melt had enough energy during the second pulse. After many pulse trains in the
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waveform, the hole was well-established and it became difficult for the liquid metal to
be removed. This coincided with the hole depth rate change decreasing dramatically
after several pulse sequences.

5.1.4

Large Offset

The final offset used was a large distance of 30.8 µm ± 2.2 µm between the imaging
and machining beams which left very little overlap between the two focused beams.
Despite this, ablation dynamics were still observed. Shown in figure 5.10, an ICI
image of a 20 pulse train sequence is presented. The top surface remained at 200 µm
for the majority of the image. Eventually the hole diameter grew to the point that the
bottom of the hole was visible. A cartoon schematic of this is presented in figure 5.11.
The machining beam, in red, ablates the top surface. The imaging beam, in orange,
tracks the height of the top surface adjacent to the machining beam. Immediately
though, a change in the interface was observed during processing. Initially the melt
was displaced out of the hole and into the field of view of the imaging light which
was then followed by the hole bottom.
Taking a closer look at specific windows yields similar dynamics as before. In
figure 5.12, the thirteenth window in a train of 20 is shown. The hole had been
established at this point so the melt required enough energy to overcome the side
walls and the surface tension forcing the melt back into the hole. The image shows
an interface, the liquid melt, rising when the laser was firing as it moved towards the
top surface. This agreed with the results seen with a medium offset.
With such a large offset and very little overlap, very little could be said about the
dynamics of the hole at the center. By combining the results of all four offset imaging
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Figure 5.10: Twenty pulse train sequence ablates stainless steel while the imaging
and machining beams are offset by 30.8 µm.
experiments, a full picture was gleaned. At the center, a keyhole was formed during
ablation, forcing material radially outward. The material was forced up the side walls
of the hole and could be seen as far as 30 µm from the center. Eventually the hole
became deep enough that the melt was barely making it out of the hole within the
pulse duration, limiting the material removal from the bottom of the hole. The rate
of change of the depth decreased dramatically at approximately 50 µm. While the
depth change slowed, the diameter continued to increase with number of pulses in the
waveform.
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Figure 5.11: Cartoon schematic of the large offset imaging experiments. The machining laser, drawn in red, ablates the surface. Initially the hole is small
and confined within the spot size of the machining beam. The imaging
beam, in orange, images the surface next to the machining beam. Over
time, the hole diameter expands into the spot size of the imaging beam
and two distinct surfaces are identified.

5.2

Reduced Imaging Spot Size Results

Due to the large overlap between the imaging and machining beams throughout the
offset imaging experiments, it was difficult to isolate the phenomena occuring at the
different offsets. The spotsize of the imaging light being larger than the machining
spotsize meant that the interface outside the interaction region was always being
monitored. To avoid this issue, the spot size of the imaging light was reduced using
a beam expander before the telecentric lens focused it. By increasing the beam
diameter before the lens, it was able to be focused tighter. A beam expander (Thorlabs
GBE02-B) was placed in both the sample and reference arm to maintain dispersion
compensation. The PSF remained constant at ∼6.5 µm. The telecentric lens was also
replaced with a plano-convex lens (LA1384-B) to reduce the ellipticity of the focused
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Figure 5.12: The thirteenth window in a train sequence of 20 pulses. The bottom
of the hole was not well defined at this point in the ablation process,
however, the moving interface during ablation was still seen.
spots. Another LA1384-B lens was placed in the reference arm. After the changes to
the optical components, the machining beam had a spotsize of 30 µm ± 2 µm and
the imaging beam had a spot size of 27 µm ± 2 µm. With a smaller imaging spot
size, the experiments presented above were performed again to try and isolate the
observed ablation dynamics. It should also be noted that in these experiments, the
focal plane of the machining laser was moved from 200 µm to 300 µm so that initial
surfaces of the metal were placed at a depth of 300 µm. Twenty trials were taken
with the same pulse train parameters as before for zero, small, medium and large
offsets. The results were very similar to those found with a larger imaging spot size.
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The process is summarized schematically in figure 5.13.
Unfortunately, even with a smaller imaging spotsize, the surface dynamics during
ablation could not be further separated. For minimal and small offsets, the descending
interface characteristic of keyhole formation was seen. For medium and larger offsets,
the interface was seen to rise during the pulses as the melt was pushed upwards to
escape the sidewalls of the hole and the top surface was easily monitored. For all
offsets, the reformation of the surface occurs during the pulse delay and melt could
be seen to flow back into the hole post-ablation. Despite this, the mechanism of
melt flow is clearly an important aspect of ablation and will be incorporated into a
phenomenological model.
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Figure 5.13: The five stages of the ablation process are shown in cartoon form. Initially the metal is solid. During the first pulse, the metal melts and
is forced up the side walls of the hole. Some material is removed by
vapourization. During the pulse delay, the melt flows back into the hole
and cools. During the second pulse, the melt is forced farther out of
the hole and more material is removed through vapourization. After the
pulse train, the melt settles back into the hole and solidifies.
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Chapter 6
Interpretation of Ablation Results
Through Phenomenological
Modelling
The previous two chapters characterized the two-pulse ablation process. An optimized
pulse delay between the two pulses was paramount in observing material removal.
The offset imaging experiments offered a window into the dynamics of the two-pulse
ablation process. A keyhole was opened during the laser on-time, forcing melt up
the sidewalls of the hole. Ablation was not a straightforward process of material
removal as large amounts of melt returned to the hole. During the delay, an interface
reformed before interacting with the second pulse. Based on these observations, a
phenomenological model describing the relationship between average depth change
and pulse delay is developed. Melt returning to the hole is the basis of one of the
components of the model presented in this chapter. The other component depends
on heat loss to the bulk metal. The relationship between average depth change and
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pulse delay is fit to several datasets. The model parameters of the fits are shown to
reflect the physical interpretation, solidifying the phenomenological analysis of the
results.

6.1

Average Depth for Varying Pulse Delays

Many datasets were taken to establish a relationship between pulse delay and average
depth change. Parameters chosen were based on the results of the refined parameter
space search in section 4.3. Symmetric pulse trains were used with pulse durations
of 50, 70 and 90 µs. One trial with 50 µs pulses was taken with the maximum peak
laser power of 78.4 W. Two trials were done for 70 and 90 µs pulse durations. For
each of them, one set used the maximum peak laser power of 78.4 W while the other
was reduced in order to match the pulse energy to that of the 50 µs trials. This
corresponded to a peak power of 56.0 W for the 70 µs trial and a peak power of 43.6
W for the 90 µs trials. For each set of pulse duration and peak power, the number
of pulse trains and the train delay were kept constant at 20 pulse trains and 500 µs
respectively. The pulse delay spanned a large range from 0 µs up to 10000 µs. For
each pulse delay, fifteen holes were ablated and the depth change was determined from
the difference between the mode of 100 A-lines before and after ablation. The depth
change of the fifteen trials was averaged and the standard deviation was calculated to
represent the error on the data. For all trials, the ICI image of the first and final 100
A-lines was generated and inspected visually. If the mode did not properly represent
the largest depth in the hole, the dataset was rejected. This happened sparingly and
never more than once per average. Misidentification of the hole depth was due to
brighter side-walls or a poor final interface giving weak signals. Thus all datapoints
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presented are, at minimum, an average of 14 trials.
A sample set of results for pulse durations of 90 µs and a peak power of 78.4 W
is shown in figure 6.1. On the left is a linear plot of the average depth change as a
function of pulse delay spanning from 0 µs to 100 µs with error bars representing the
standard deviation. This region was highlighted as the largest change in depth occurs
in this window. On the right is a semi-log plot of the same data, however, now the
pulse delay spanned the range from 1 to 10000 µs (with 0 µs being omitted as the
logarithm of zero is undefined). For very short and very long pulse delays, there is
an increase in depth. The surface was melted during the laser on-times but material
was not ejected. The surface was altered and raised due to balling in liquid metal
from surface tension [43, 44] and/or porosity in the process of the keyhole collapse
[45]. Then there was a drastic change in average depth as the pulse delay increased to
about 15 µs. Afterwards, the change in depth steadily decreased becoming essentially
zero for a pulse delay of 200 µs. The different rates of change before and after ∼15
µs seemed to indicate that there were two dominant regimes here.
The two distinct regions were fit with a function to describe the average depth
change as a function of the pulse delay. The differential equations were chosen to
reflect the dominant process likely occuring at that pulse delay.

6.2
6.2.1

Components of the Phenomenological Model
Logistic Growth

The first regime saw a drastic increase in average depth over the first 15 µs indicating
a fast dynamical process that plateaus. Returning to the results of Chapter 5, it was
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Figure 6.1: Average depth change for symmetric pulse durations of 90 µs with a peak
power of 78.4 W. On the left is a linear plot highlighting the region of
greatest change in depth. On the right is a semi-log plot spanning almost
the full range of pulse delays used (zero delay is omitted). Each point is
an average of 14 or 15 trials and the error bars represent the standard
deviation of those trials.
seen that the melt quickly flows back into the hole during the pulse delay. Figures
5.4, 5.5, and 5.7 show that the interface re-appears after 10-15 µs. For the longer
pulse delay of 30 µs, the melt had ample time to settle back into the hole and form
a detectable layer. Within the first 15 µs of the pulse delay, the interface was not
visible or stable indicating a rapidly moving or sloped interface. This is consistent
with melt flowing down the side walls. An example of this can be seen in figure 5.4.
In order to phenomenologically model a hole refilling, a few things needed to be
considered. Firstly, the reflow rate will depend on a time constant, τ1 . The data over
the first 5 µs in figure 6.1 appears to grow exponentially. Secondly, the hole is only

6.2. COMPONENTS OF THE PHENOMENOLOGICAL MODEL

88

filled for a finite amount of time as there is a finite amount of melt that can flow back
into the hole. Therefore, the function describing such a phenomena must plateau
and a second-order term must occur in the differential equation to terminate the
exponential growth. This can be described by a logistic growth differential equation
given by
dDF (τ )
DF (τ )
=
(A − DF (τ )),
dτ
Aτ1

(6.1)

where DF (τ ) is the average depth change as a function of pulse delay, τ , for the
refilling component and the maximum depth change is given by the amplitude, A.
The logisitic growth differential equation is often used to model population dynamics
as it initially grows almost exponentially, as a result of the first term in equation
6.1, and then tapers off due to environmental pressures causing saturation [46]. The
hydrodynamic flow of liquid melt will not be discussed, but computer simulations
offer insight into the expected results [47]. When the laser terminates, the recoil
pressure vanishes. Surface tension and gravity begin to accelerate the melt downward
back into the hole. As more of the melt reaches the bottom of the hole, there would
be less melt flowing in and the rate would decrease. The second term in equation
6.1 accounts for the saturation. The solution to equation 6.1 is given by the logistic
function

DF (τ ) =

−A
1+

e−(τ −τ0 )/τ1

,

(6.2)

where τ0 gives the mid-point of the logistic growth curve. In order to properly fit the
data and account for the surface height increases from zero and long pulse delays, an

6.2. COMPONENTS OF THE PHENOMENOLOGICAL MODEL

89

offset parameter, C, is added giving the final equation

DF (τ ) =

−A
1+

e−(τ −τ0 )/τ1

+ C.

(6.3)

The final function used to describe the relationship between depth change and pulse
delay will be described shortly. This complete model, given in equation 6.11, was
fitted to the data presented in figure 6.1 and the fitted parameters, listed in table 6.1,
for the logistic growth portion are used in figure 6.2. Plotted on top of the data is the
logistic fit in red. The function models the quick onset of depth change and saturates
after the pulse delay is large enough.

Figure 6.2: Plotted on top of the data from figure 6.1 in red is the logistic growth fit
given in equation 6.3. The parameters used are given in table 6.1. The
error bars represent the standard deviation on the error.

6.2. COMPONENTS OF THE PHENOMENOLOGICAL MODEL

6.2.2

90

Temperature Decay

The other component that must be fit was a slow decrease in ablation as pulse delay
increased. As the pulse delay increases, the heat deposited into the metal dissipates
and the material in the hole cools from a liquid into a solid. The second pulse would
then require more energy to re-melt and evaporate the previously hot matter. The
decrease in ablation depth as a function of pulse delay was fit with an exponential
decay. The average depth was assumed to be proportional to the heat loss indicating
that temperature decayed exponentially as well.
For a stationary medium, the heat conduction differential equation is given by


∂ 2T
∂r2


=

1 ∂T
,
α ∂t

(6.4)

where T is the temperature, r is the radial coordinate, α is the thermal diffusivity of
the material and t is time [5]. Assuming that the time dependence and the spatial
dependence of the temperature are independent, the temperature can be written as
two separate functions such that

T (r, t) = T (r)T (t).

(6.5)

Evaluating the differential equation with the separated temperature gives
∂ 2 T (r)
1
∂T (t)
T (t)
=
T
(r)
,
∂r2
α
∂t
α ∂ 2 T (r)
1 ∂T (t)
=
.
2
T (r) ∂r
T (t) ∂t

(6.6)

Both sides of the equation are independent of the other and assumed equal to a
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constant, defined as 1/τ2 so that the parameter could be interpreted more easily
as a decay rate. Since the important quantity is the temperature in the interaction
region, where r = 0, the spatial component of temperature was ignored. The temporal
component of temperature is then given by the differential equation
1
1 ∂T (t)
=− ,
T (t) ∂t
τ2

(6.7)

where a negative sign has been added to the right hand side with the constant. This
accounts for the exponential decay of temperature, as opposed to growth. With
no additional source of heat once the laser turns off, the temperature decays. The
solution of the differential equation is then

T (t) = T0 e−t/τ2 ,

(6.8)

where T0 is the initial temperature of the material after the first pulse terminates.
Exponential temperature decay is known as Newton’s law of cooling [48].
As stated earlier, the depth change due to the heat loss, DH (τ ), was assumed to
be proportional to the temperature decay. As such, it was defined as

DH (τ ) ∝ T0 e−t/τ2
= −Ae−τ /τ2 ,

(6.9)

where A is again defined as the maximum amplitude of depth change. The temperature decay began when the laser turned off, so time, t, was mapped to pulse delay, τ .
A negative sign was also introduced in front to account for the decrease in ablation

6.2. COMPONENTS OF THE PHENOMENOLOGICAL MODEL

92

depth with increasing pulse delay. In order to fully fit the data, the offset constant
C was added to give

DH (τ ) = −Ae−τ /τ2 + C.

(6.10)

The previous dataset is plotted again with the exponential fit, given in equation
6.10, in figure 6.3. The fitting parameters were obtained from fitting the complete
model. Only the exponential component is plotted, as was done with the logistic
growth fit. The values are listed in table 6.1. The exponential function does an
excellent job fitting the average depth over several orders of magnitude of pulse delays.

Figure 6.3: The average depth data from figure 6.1 is fitted with an exponential decay
function, equation 6.10, plotted in green using the parameters listed in
table 6.1. The error bars represent the standard deviation.
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Data Fitting

With the two components of the fit identified, the full phenomenological model could
then be assembled. It was defined as

D(τ ) = −A

1
1+

e−(τ −τ0 )/τ1

e−τ /τ2 + C,

(6.11)

where D(τ ) is the average depth change as a function of pulse delay. All other
parameters were as previously defined.
The dataset from figure 6.1 was fit using a nonlinear least squares method, specifically the Levenberg-Marquardt algorithm. The data points were weghted as one
over the standard deviation squared. This allowed averages with smaller variance
to more strongly influence the fit. The five parameters that most closely match the
data, based on a minimization of squares, were found and plotted in figure 6.11. The
fit parameters, shown in table 6.1, were also used to plot the logistic growth and
exponential decay functions in the previous two subsections. The slow decay rate in
the exponential heat decay meant that residual heat effects were seen even for longer
pulse delays. The logistic growth time constants on the other hand were very short.
After only 7.88 µs, the logistic growth function was at half-maximum. This was consistent with the results from Chapter 5, as the interface appeared during the pulse
delay after 10-15 µs.
In order to evaluate the fit, the reduced chi-square value, χ2ν , was calculated for
several datasets. The reduced chi-squared value is a measure of the variance of a least
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Figure 6.4: The average depth data from figure 6.1 is fitted with the complete phenomenological model equation, given in equation 6.11, and is plotted in
magenta over the previous data set from figure 6.1. The error bars on
the datapoints are the standard deviation. The bottom graph shows the
residuals from the nonlinear least-squares fit plotted with a semi-log pulse
delay axis and the zero pulse delay residual artificially placed at a pulse
delay of one microsecond.
squares fit and is calculated as
n

χ2ν

1 X (yi − D(τi ))2
,
=
n − p i=1
σi2

(6.12)

where n is the number of data points, yi is the value of the ith data point, D(τi )
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Parameter
Fit Value
A
136.8 µm ± 7.7 µm
τ0
7.88 µs ± 0.84 µs
τ1
1.62 µs ± 0.60 µs
τ2
163 µs ± 23 µs
C
24.7 µm ± 2.3 µm
Table 6.1: Results of fitting the 90 µs data from figure 6.1 with the phenomenological
model in equation 6.11 using a nonlinear least squares method. Errors
represent the 95% confidence bounds.
is the value of the model for the ith data point and σi is the standard deviation of
the ith data point [49]. The number of degrees of freedom, p, is five here due to the
five parameters of the fit. A good fit is characterized as one that yields a reduced
chi-squared value of 1. Values much larger than 1 indicate inaccurate measurements
and/or a poor fitting function. Values much smaller than 1 indicate over fitting of
the dataset.
Five datasets were collected in total for three different pulse durations with varying
peak powers. The reduced chi-squared value was calculated for all datasets and the
results are listed in table 6.2. Three datasets had values smaller than one, while two
were larger than one. However, the variations from one were not considered large
as they were not 10 times smaller or larger than one [50]. The phenomenological
model incorporating logisitic growth and exponential decay to model melt refill and
heat dissipation, respectively, provided a good nonlinear model for the collected data
based on the reduced chi-squared values.
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Trial
τ = 50
τ = 70
τ = 70
τ = 90
τ = 90

µs,
µs,
µs,
µs,
µs,

Ppeak
Ppeak
Ppeak
Ppeak
Ppeak

=
=
=
=
=

78.4
78.4
56.0
78.4
43.6

W
W
W
W
W
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χ2ν
1.09
1.04
0.50
0.35
0.89

Table 6.2: Reduced chi-squared results for the five different datasets.

6.4

Properties of the Fit Parameters

The properties of the fit parameters were analyzed by comparing the different datasets.
Three datasets had constant pulse energies: one set with a pulse duration of 50 µs
and a peak power of 78.4 W, one with a pulse duration of 70 µs and a peak power
of 56.0 W and one with a pulse duration of 90 µs and a peak power of 43.6 W. The
results are shown in figure 6.5. As before, the graph on the left is a linear plot in
pulse delay while the graph on the right is a semi-log plot showing the entire set of
results, excluding the zero pulse delay point. The fit parameters for all three datasets
are given in table 6.3. The longer pulse durations had lower peak powers which could
have contributed to a reduction in ablation, as evidenced by the lower A value for the
90 µs dataset. All three datasets showed that the maximum depth change occured
at approximately the same pulse delay, to within ± 1 µs. This was due to a faster
half-maximum depth point, τ0 , being compensated with a slower rate parameter, τ1 .
Constant energy pulses expectedly produced similar results.
A [µm]
τ =50µs,Ppeak =78.4W
109±17
τ =70µs,Ppeak =56.0W 111.8±8.5
τ =90µs,Ppeak =43.6W 100.6±7.9

τ0 [µs]
8.3±1.1
6.74±0.80
7.02±0.63

τ1 [µs]
1.31±1.1
1.51±0.62
1.51±0.65

τ2 [µs]
C [µm]
64±15 15.1±3.7
67.7±7.5 16.5±2.0
66.8±8.4 16.0±2.2

Table 6.3: Fit parameters for datasets with constant pulse energy. Error values represent the 95% confidence interval of the fit.

6.4. PROPERTIES OF THE FIT PARAMETERS

97

Figure 6.5: Average depth change datasets for three parameter sets. All data points
are an average of 14 or 15 depth changes and the error bars are the
standard deviation. Each dataset was fit using equation 6.11 and the
results are plotted on top of the data points using the fit parameters
listed in table 6.3. The bottom graph is the residuals from the fitting
process.
Datasets with constant pulse duration and changing pulse energy were also compared. The results for pulse durations of 70 µs with peak powers of 56.0 W and 78.4
W and 90 µs with peak powers of 43.6 W and 78.4 W are plotted in figure 6.6. Larger
pulse energies deposited more energy into the bulk metal during ablation. More energy deposition generated more heat which then took longer to dissipate. The longer
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exponential decays after the maximum depth change are evidence of this and can
be seen, with the other fit parameters, in table 6.4. The maximum depth change
predictably increased with increasing pulse energy. For the 70 µs data, the amplitude
increased from 111.8 µm to 128 µm and for the 90 µs data, the amplitude increased
from 100.6 µm to 136.8 µm. The larger pulse energies also shifted the pulse delay
at which the maximum depth occured. For the 70 µs data, the peak shifted 1.6 µs.
For the 90 µs data, the peak shifted 2.6 µs. The values were found by taking the
difference between the pulse delays at which the minimums of the two curves occured.
Higher pulse energies produced deeper keyholes and more melt which in turn required
more time to refill after the first pulse was terminated.
A [µm]
τ0 [µs]
τ1 [µs]
τ2 [µs]
C [µm]
τ =70µs,Ppeak =56.0W 111.8±8.5 6.74±0.80 1.51±0.62 67.7±7.5 16.5±2.0
τ =70µs,Ppeak =78.4W
128±15 7.75±0.65 1.48±0.75
107±21 22.1±3.8
τ =90µs,Ppeak =43.6W 100.6±7.9 7.02±0.63 1.51±0.65 66.8±8.4 16.0±2.2
τ =90µs,Ppeak =78.4W 136.8±7.7 7.87±0.84 1.62±0.60
163±23 24.7±2.3
Table 6.4: Fit parameters for datasets with constant pulse duration. Error values
represent the 95% confidence interval of the fit.
The phenomenological model presented in equation 6.11 properly fit the average
depth change data as a function of pulse delay with good reduced chi-squared values. The two components were modelled around melt refilling the hole and heat loss
into the bulk metal. The fit parameters demonstrated trends that agreed with this
physical interpretation. Constant pulse energy with varying pulse durations showed
little difference in fit parameters. Maximum average depth and the range over which
ablation was enhanced increased with pulse energy.
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Figure 6.6: Average depth change for two sets of two pulse durations with different
peak powers. Both plots are linear in pulse duration highlighting the
primary region of interest but data was collected for pulse delays up to
10000 µs. Each dataset was fit using equation 6.11 and the results are
plotted over the datapoints using the fit parameters listed in table 6.4.
Note that the error bars on the data are the standard deviation. The
residuals of the fits are plotted below each graph with the colour remaining
consistent as defined in the graphs above.
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Chapter 7
Conclusions and Future Work
Understanding how micromachining is possible with microsecond long pulse durations
offers manufacturing a regime of large material removal rates and low-cost lasers.
The unexpected two-pulse ablation occurs by tuning the pulse delay between the two
pulses as shown by the results in this thesis. A phenomenological model is presented
to offer a physical interpretation explaining this effect.
The large parameter space of two-pulse ablation was explored. The complicated
3D micromaching process was simplified to a 1D percussion hole drilling problem in
stainless steel, type 304. Depth change, defined as the difference in height of the
initial surface before and after the laser train sequence, was used as an optimization
quantity for ablation. The heights of the samples were measured using ICI. Parameters including first and second pulse duration, pulse delay, train delay and total
number of pulses were varied to maximize depth change and reproducibility. Pulse
delay produced a drastic change in hole depth. When there was no pulse delay, i.e.
a single pulse train, or the pulse delay was too long, such that the two pulses were
so spread out in time they were effectively single pulses, no ablation was seen. The
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laser caused morphological changes to the surface by melting the metal but no appreciable amount of material was removed. When the pulse delay was on the order
of the pulse durations, the laser light removed material and holes were machined in
the steel samples.
The role of pulse delay was further explored by performing in situ depth measurements with ICI. This allowed the surface dynamics to be directly observed in the
interaction region of the processing laser and the surrounding area. Formation of keyholes was observed when the imaging and machining beams were aligned co-axially
with zero offset. The interface descended quickly and deeply into the bulk metal,
forcing liquid metal up towards and up the side walls. During the pulse delay, the
liquid melt returned to the bottom of the hole and the interface became clearly visible
again. The second pulse formed a new keyhole and more melt was forced up and out
of the hole. Offset imaging experiments, where the imaging and machining beam were
misaligned parallel to each other, showed that the melt rose higher during the second
pulse indicating a residual effect from the previous pulse. The surrounding surface
around the hole did not see a large increase in height as a result of melt removal.
This indicated the predominant material removal process was not melt being forced
out of the hole but rather liquid or vapour ejection displacing the metal far from the
hole. These observations laid the foundation for a phenomenological model relating
depth change to pulse delay.
Depth change as a function of pulse delay showed two distinct regions. Initially
the rate at which depth increased was very fast, quickly reaching the maximum depth
with a pulse delay of ≈15 µs. Afterwards the magnitude of the depth change decreased
slowly with increasing pulse delay. Based on the observations of the previous section,

102

the cause of these two distinct regions was modeled as melt refilling the hole and
heat loss in the part. The depth change due to melt flow was described by logistic
growth, with an almost exponential increase followed by a plateau in depth change.
The slow decay in the magnitude of depth change after the maximum was attributed
to heat loss and modeled as an exponential decay. As the pulse delay increased,
more energy from the interaction region dissipated into the bulk material. The liquid
melt resolidified in the hole and began to cool. The energy of the second pulse was
then spent on re-melting the material in the hole, as opposed to solely removing it.
The phenomenological model was fit to several datasets and achieved good reduced
chi-squared values, on the order of one, indicating the data was not overfit. The
properties of the fit parameter were explored as a function of changing pulse energy
and pulse duration. The fit parameters were very similar for datasets with constant
pulse energies. For increasing pulse energy, the maximum depth increased as well as
the decay time in heat loss component of the model. The phenomenological model
provided a coherent, physical interpretation that reflected the observed data.
Future work on two-pulse ablation could be taken in several directions. Twopulse ablation could be performed on other metal samples to further characterize the
phenomenological fit parameters. Materials with larger viscosities and lower thermal
diffusivities are expected to have larger decay rates. A large viscosity would increase
the time it takes for melt to flow back into the hole while a low thermal diffusivity
would increase the time it takes for heat to diffuse away from the interaction region.
More powerful lasers with larger spot sizes, to maintain moderate intensities, could
be used characterize how the maximum depth-change amplitude changes with power
and pulse energy. An ICI system with a much smaller imaging spot size than the
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machining beam spot size could also be used to perform more offset imaging experiments and better separate the ablation dynamics spatially. Another important
experiment would be to perform the 3D micromachining experiments of former group
member, Yang Ji, but with the optimized pulse delay. Improvements in the 3D machining process would be beneficial for the industrial applications of the two-pulse
ablation scheme. In that vein, the 1D percussion hole drilling could be expanded into
2D or 3D. This would introduce more parameters to optimize such as scan rate and
scan pattern. Efficient and controlled material removal is paramount in many laser
machining applications and two-pulse ablation offers a method to so.
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