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Abstract

Laser machining is a commonly used method for materials processing. Focusing laser

energy onto a sample can lead to material modifications and achieve feature sizes

on the order of micrometres. However, designing a machining platform capable of

producing high quality, repeatable, and accurate results is a key challenge because the

final outcome can be variable, even when using fixed laser parameters. Therefore, in

order to understand and monitor the process, real-time in situ metrology is required.

In this work, a coherent imaging technique analogous to spectral domain optical

coherence tomogaphy (SD-OCT) was applied inline with a machining laser in order

to monitor the cut development of various materials for industrial and biomedical

applications. Such inline coherent imaging (ICI) provides axial resolution on the

order of ones to tens of micrometers as well as temporal resolution on the order of

microseconds.

In stainless steel, the machining front was observed to have very different responses

to pulsed lasers operating in different ablation regimes. Applying shorter pulse dura-

tion with higher peak intensity led to more deterministic material removal with little

relaxation between pulses, while longer pulses revealed periodic melting and refilling

behaviour. In addition, improvement of depth sensitivity to nanometre scales was

explored by accessing phase information for Doppler processing techniques.
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For poorly absorbing materials, ICI provides the ability to observe structures

below the surface. This is a very important characteristic for biomedical applications,

such as guiding ablation in biological tissue. By monitoring the ablation of bone

tissue in real-time using ICI, the operator was able to terminate exposure from the

machining laser 50 �m before perforation into a natural inclusion in the tissue. ICI

was able to anticipate the inclusion 176 ± 8 �m below the ablation front with signal

intensity 9 ± 2 dB above the noise floor. With added real-time depth control, many

applications will benefit whether it is achieving higher precision cuts in industrial

materials, or limiting the possibility of damaging organs at risk below the cutting

surface in surgical intervention.
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Chapter 1

Introduction

Laser machining is a widely used technique in materials processing applications, where

concentrated laser energy is used for ablation, cutting, drilling, welding, and other

modifications of the material [1, 2]. The advantages of laser processing over con-

ventional methods include, among others, speed and versatility. Furthermore, its

non-contact nature does not make it succeptible to tool wear as in traditional ma-

chining. The term “laser micromachining” is often used to describe laser machining

applications where feature sizes on the order of ones to hundreds of micrometres are

achieved. Such applications range from fuel injector nozzles to coronary stents, and

even extend to tissue ablation for surgery. Designing a laser machining platform to

produce high quality, repeatable, and accurate results is a major technical challenge.

While there are well-established models for light-matter interaction, it is still very

difficult to predict the final outcome of a laser machining process. In addition, there

is large parameter space that must be explored to produce optimal results for the

particular application. Such parameters include (but are not limited to) wavelength,

pulse duration, pulse energy, repetition rate, focal spot position and the presence of

1



CHAPTER 1. INTRODUCTION 2

assist gas.

Often, the approach to exploring parameter space involves extensive trial-and-

error, where many cuts are made at various settings and analyzed ex situ using optical

and/or electron microscopy. For low aspect ratio features (i.e., cut width> cut depth),

profilometry and/or atomic force microscopy can be performed. However, it is more

common to have high aspect ratio features (i.e., cut depth > cut width), which

typically requires sectioning and side-polishing to obtain cut geometry and depth in-

formation, which is a destructive and lengthy process. Collecting enough data for

statistical analysis requires even more time and using fixed parameters can still re-

sult in variations of the outcome [3]. Therefore, ex situ methods are inefficient as

a feedback mechanism and do not provide much insight into the dynamic processes

occurring during the cut.

In order to better understand such dynamic laser machining processes, real-time

in situ metrology is required. An example of this uses high-speed photography to

determine hole depth by drilling a hole near the edge of a polished surface on a metal

sample [4]. The resulting deformation on the polished surface causes a change in re-

flectivity and is imaged using high-speed photographs. While the field of view is many

millimetres, the axial resolution is unknown because correlation of surface deforma-

tion to hole geometry is complicated. Furthermore, its interoperability is limited; it

only works with a small range of materials and requires the cut to be made near an

edge. By contrast, ablation crater profiles can be monitored with very high spatial

resolution (on the order of nanometres) using spectral [5] or Linnik [6] interferometry.

In the case of [6], the stroboscopic measurement also allows for temporal resolution
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on the order of femtoseconds. However, both techniques derive their high spatial res-

olution from phase-sensitive detection, which inherently suffers from phase wrapping

ambiguity. Thus, their practical range of measurements is limited to length scales

on the order of the wavelength of probing light, which is not appropriate for laser

micromachining applications with micrometre or greater feature sizes.

For surgical applications, laser ablation can be used for the removal of hard tissue

such as bone. It presents a new challenge because the sample may have large inhomo-

geneities or composition not well characterized a priori. Non-contact laser ablation is

desirable because of its highly flexible cut geometry, negligible vibrations, as well as

haemostatic (the ability to stop bleeding) and aseptic (sterile) effects [7]. However,

with the lack of tactile feedback (from traditional mechanical instruments), there is

little direct information about drilling depth [8–11]. Many different approaches are

taken to improve final incision depth accuracy. For example, intensive numerical sim-

ulations and preoperative planning are used to predict the final drill depths in the

tissue [12, 13]. This is not ideal because it requires an additional ex situ crater depth

measurement. In addition, it assumes repeatability and that the target volume has

homogeneous composition. By contrast, the crater depth can be monitored in situ

and in real-time from an acoustic signal propagating through the bone during the

cut [8, 14]. This is accomplished by placing a piezoelectric transducer onto the bone

surface at some transverse distance away from irradiation and analyzing the acoustic

signal spectrum. However, this method still assumes tissue homogeneity, requires a

priori knowledge of its acoustic properties, and involves a piezoelectric transducer

being fastened onto the bone surface.
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An emerging coherent imaging technique known as spectral domain optical coher-

ence tomogaphy [15, 16] (SD-OCT) can provide axial resolution on the order of ones

to tens of micrometres, a field of view on the order of a millimetre, as well as temporal

resolution on the order of microseconds. SD-OCT is traditionally used to create high

resolution images of biological systems such as the eye [17], and has the ability to

simultaneously resolve features from many weakly reflecting sites at different sample

depths. In tissue ablation experiments, it can produce 2D cross-sectional images of

the crater, whether in ex situ to measure the final crater depth [18, 19], or in situ to

slowly monitor changes in the crater morphology [20, 21]. In the latter cases, interest-

ing dynamics are observed on the ones to hundreds of milliseconds time scale, but also

have their temporal resolution limited by 2D raster scanning. By eliminating raster

scanning, faster imaging rates are achieved in [22] using a Doppler variant of opti-

cal coherence tomography to detect small changes in soft tissue due to laser-induced

thermal denaturation. However, these studies only investigate biological samples and

are of limited use for industrial materials processing.

In this work, coherent imaging analogous to SD-OCT is demonstrated to provide

real-time in situ metrology of laser machining in various materials, both for industrial

and biomedical applications. The imaging beam is aligned coaxial, or inline, with the

machining beam to monitor the depth of ablation craters along a single beam path

(in the centre of the crater). Without the need to perform tomography, the imaging

technique is more generally called inline coherent imaging (ICI). This method is ap-

plied to various industrial materials to observe dynamics on the micrometre length-

and microsecond time scales. This helps fill the void between monitoring hole depth

on millimetre [4] and nanometre [5] length scales, as well as ex situ post-process [3]
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and femtosecond stroboscopic [6] time scales. In stainless steel, the ablation front

is monitored in real-time showing microsecond dynamics for very different regimes

of laser machining. The resulting images are converted into hole depth information

using a customized interface tracking algorithm to improve ease of data collection for

further statistical analysis. In addition, the improvement of hole depth sensitivity to

nanometre scales is explored by Doppler processing methods. For poorly absorbing

materials, forward-imaging into the sample allows for the anticipation of subsurface

structures. This is important for imaging in bone tissue, where final crater depths

in ICI are verified with side-polished brightfield microscopy of the hole cross-section.

Furthermore, without a priori information from the target volume, exposure from

the machining laser is terminated before perforation into a natural inclusion in the

tissue, demonstrating precision depth control.



Chapter 2

Background

2.1 Coherent imaging techniques

ICI borrows optical and image processing techniques from the field of optical coher-

ence tomography (OCT) [15]. The most common implementation is in a Michelson

interferometer, which performs imaging by studying the interference between light

backscattered from a sample under investigation and light reflected from a reference

mirror with known path delay (Fig. 2.1). The result is a depth profile of backscattered

intensity in the sample at one transverse location at one particular time. Therefore, a

three-dimensional image can be acquired by raster scanning the imaging beam across

the sample.

There are many variants of OCT that can extract depth information from the in-

terference between light returning from the reference and sample arms. The simplest

(and earliest) method is to mechanically step the reference mirror over the entire

sample depth range and measure the interferometric intensity using a single photode-

tector; this is known as Time Domain OCT (TD-OCT) [15]. This technique can

6



CHAPTER 2. BACKGROUND 7

Figure 2.1: Schematic diagram of an OCT system.

create images with long field of view (FOV), which is equal to total travel of the

reference mirror. However, this mechanically moving mirror also limits acquisition

speed of the system. For high-speed TD-OCT, a rapid scanning optical delay line can

be used to achieve line rates of 13 kHz [23]. However, in many cases, even faster scan

rates are required, thus more sophisticated techniques have since been developed.

More recently, there is interest in Fourier Domain OCT (FD-OCT) methods be-

cause they do not require the reference arm to move. Instead, the scattering depth

profile is determined from the frequency of spectral interference fringes, which can be

encoded temporally (Swept-Source OCT, or SS-OCT) or spatially (Spectral Domain

OCT, or SD-OCT). In both cases, the depth of scatterers is then retrieved by taking

the inverse Fourier Transform of the spectral interferogram.

For SS-OCT (also referred to as Optical Frequency Domain Imaging, or OFDI),

sophisticated wavelength-tunable laser sources with narrow instantaneous linewidths
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rapidly sweep through the spectral bandwidth of interest [24]. A single photodector

is temporally synchronized with the laser source to record the spectral interferogram.

Essentially, the light source changes much faster in time than the reference path

length could in TD-OCT. In fact, the fastest current OCT implementation is swept-

source, based on Fourier Domain Mode-Locked (FDML) lasers with multi-spot beam

delivery for parallel detection, achieve axial line rates of up to 20 MHz [25]. While

high acquisition speed is desirable, SS-OCT requires complex and expensive swept-

sources.

By contrast, the spectral information for SD-OCT is obtained by distributing the

different optical frequencies onto a linear array of detectors (charge-coupled device,

CCD, or complementary metal-oxide semiconductor, CMOS, line cameras) using a

dispersive optic, such as a diffraction grating. Since the spectrum is spread over many

pixels, the noise is reduced and allows for higher sensitivity compared with single

photodetector methods (i.e., TD-OCT, SS-OCT) [26]. Again, acquisition speeds are

faster than TD-OCT; in this case, they are limited by the electronics of the line

camera. Recent developments in silicon detector technology have enabled line rates

of >300 kHz [27]. For the reasons above, ICI is performed analogous to SD-OCT in

this work.

2.2 Coherent imaging theory

Each of the presented coherent imaging techniques uses the same fundamental physics

to determine the scattering depth profile of the sample. Consider in the simplest

case, monochromatic plane-waves traveling into a Michelson interferometer. Assum-

ing both reference and sample arm beams are perfectly reflected using mirrors, the
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combined field at the output is

Eref + Esam = Aref exp [i [!t− k(!)zref ]] + Asam exp [i [!t− k(!)zsam]] , (2.1)

where Eref and Esam are the electric fields returning from the reference and sam-

ple arms, respectively, Aref and Asam are their real amplitudes, zref and zsam are

their round trip optical paths, ! is the frequency of the light source, and k is the

wavenumber. When the interference signal is measured by a single photodetector

over integration time, T , the time-averaged intensity, I, is [28]

I ∝ 1

T

∫ t+T

t

∣Eref + Esam∣2dt

= A2
ref + A2

sam + 2ArefAsam cos[k(zref − zsam)]

= Iref + Isam + 2
√
IrefIsam cos[k(zref − zsam)].

(2.2)

Now, instead of a monochromatic light source, consider one with power spectrum

S(k) and spectrally resolving the resulting interference pattern at the detector (as

in the case for SD-OCT). Furthermore, consider the sample arm to be made up of

p reflectors, each with an optical path length of zi. Ignoring self-interference terms

(described later), the resulting spectral interferogram is approximately

I(k) ∝ S(k)

[
Iref +

p∑
i=1

[
Ii + 2

√
IrefIi cos [k (zref − zi)]

]]
. (2.3)

In order to extract the scattering depth profile, I(z), the first term (Iref ) is measured

a priori and subtracted as background while the second term (Ii) is typically very

small and can be neglected. The third term contains a sinusoidal interference term

with frequency that depends on the depth of the itℎ reflector in the sample arm with

respect to the reference length. Since the reference arm does not move, each depth

corresponds to a different interference fringe frequency, showing that the signals are

orthogonal and can be monitored simultaneously and independently. Finally, the
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spectral interferogram, I(k), is transformed into I(z) via Fast Fourier Transform

(FFT). Note that reflections from all depths are measured simultaneously in a single

acquisition.

Since the interference (sinusoidal) terms are multiplied by S(k) in equation (2.3),

the FFT returns a series of delta functions convolved with the inverse Fourier Trans-

form of S(k); the latter is known as a point spread function (PSF). Thus, I(z) appears

as a PSF centred at the depth of each reflecting interface, also known as an A-scan

or A-line (A for Amplitude†). The PSF full width at half maximum (FWHM) is

often referred to as the axial resolution of the imaging system. Unlike most optical

imaging modalities, the axial resolution is decoupled from the transverse resolution

(how tightly the beam can be focused onto the sample), and becomes narrower with

greater spectral bandwidth. Assuming a Gaussian source power spectrum centred at

wavelength �0 with FWHM bandwidth Δ�, the axial resolution, or Gaussian PSF, is

given by [29]

Δz =
2 ln 2

�

�20
Δ�

. (2.4)

An example spectral interferogram created from the interference between a ref-

erence mirror and sample mirror with 200 �m path length difference is shown in

Figure 2.2 with its corresponding A-line. Note the single frequency component in the

interferogram returns two mirror-image peaks at ±200 �m, to be discussed later.

To create an image, spectral interferograms are measured serially at the spec-

trometer, processed into A-lines and displayed together in terms of reflectivity vs.

depth vs. A-line number. In some cases (namely biological imaging applications),

the imaging beam is scanned in a line across the sample such that the A-line number

†This terminology is historically borrowed from the field of ultrasound
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Figure 2.2: An example (a) spectral interferogram with single frequency interference component
and corresponding (b) A-line.

corresponds to a transverse position along the sample. The resulting cross-sectional

view is often referred to as a B-mode image (B for Brightness†). By extension, the

imaging beam can be scanned over the entire top surface of the sample to create a

3D volumetric image (for example, see Figure 2.3 [30]). Alternatively, if the beam

remains stationary, the A-line number corresponds to time in a so-called M-mode

image (M for Motion†). This is particularly useful in applications where the sample

is undergoing rapid local changes, such as in the case of laser percussion drilling.

2.3 Doppler processing techniques

Images described so far are purely structural and do not make use of phase information

available in the interferogram to access available sub-wavelength information. Doppler

techniques can be applied in OCT and are analogous to those used for ultrasound, but

using light instead of sound. The resulting images come from comparing the average

phase change between consecutive interferograms to determine the mean velocity at

†This terminology is historically borrowed from the field of ultrasound
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Figure 2.3: 3D volumetric OCT image of a nicotiana leaf showing (a) one transverse and (b-c) two
sagittal B-mode cross-sections. Figure modified with permission from [30]

all depths of the image. Note that this requires no additional changes to the apparatus

and is just another method of processing the interferograms.

When a single reflecting interface moves a very small distance between acqui-

sitions (i.e., < �0/4), the peaks and troughs of the spectral interferogram do not

change drastically and the spectral fringe frequency remains the same. For example,

two interferograms using a �0 = 1320 nm source are shown in Figure 2.4(a) with a

perfectly reflecting sample mirror at 200 �m and 200.05 �m path length differences

with the reference mirror. With the sample mirror only moving away 50 nm between

acquisitions, processed structural A-lines would look the same. However, Doppler

processing detects small phase changes such as that seen in Figure 2.4(a) and can be

used to calculate mean velocity.

When transforming the interferogram into an A-line, the FFT returns complex
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Figure 2.4: Spectral interferograms with the sample mirror moving (a) 50 nm and (b)
�0/4 = 330 nm between acquisitions. The range of Doppler measurements is limited to relative
path length differences in the sample arm of ±�0/4 before aliasing occurs.
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values

Sm,n = Im,n + iQm,n (2.5)

for each pixel, with in phase (Im,n) and quadrature (Qm,n) components, wherem and n

represent the 2D index for the depth and lateral directions, respectively. For structural

images, only the magnitude of Sm,n is used and often plotted on a logarithmic scale

due to high dynamic range.

However, the phase information is accessed for Doppler images to calculate the

mean velocity at any pixel, ⟨v⟩, evaluated using the Kasai autocorrelation func-

tion [31]:

⟨v⟩ =
�0fafD

2ns cos(�)
, and (2.6)

fD =
1

2�
arctan

⎧⎨⎩
1

M(N − 1)

M∑
m=1

N−1∑
n=1

(Im,n+1Qm,n −Qm,n+1Im,n)

1

M(N − 1)

M∑
m=1

N−1∑
n=1

(Qm,n+1Qm,n + Im,n+1Im,n)

⎫⎬⎭ (2.7)

where fa is the camera line rate, fD is the Doppler frequency shift, ns is the index

of refraction in the sample, � is the Doppler angle, and cos(�) considers only the

component of velocity parallel to the incident beam axis. Alternatively, the mean

velocity can be expressed in terms of displacement by dividing by fa. The arctangent

function is calculated in all four quadrants and returns the mean phase shift between

axial scans. Since it is a modulo 2� function, the component of velocity along the

beam axis can be measured with the range [−�0fa/4ns,+�0fa/4ns], or equivalently

for displacement [−�0/4ns,+�0/4ns], before phase wrapping, or aliasing, occurs. The

boundary is observed in Figure 2.4(b) when the reflecting sample moves away �0/4

between acquisitions (i.e., �0/2 difference round trip) and wavelengths previously
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with constructive interference (peaks) become destructive (troughs) and vice versa.

Since Doppler processing has a small range before aliasing, it is desirable to have

high acquisition rates. For B-mode images, the imaging beam must be essentially

stationary on the sample between acquisitions (i.e., camera line rate≫ beam scanning

rate) [32]. This is not an issue for M-mode images since the imaging beam remains

stationary anyway [22, 33]. Furthermore, for depths (or spectral frequencies) at which

there is not enough structural signal intensity, a zero velocity mask is typically applied

over the corresponding Doppler processed frame for ease of viewing [23].

2.4 Imaging artefacts

It is important to consider possible artefacts that can arise from the imaging process,

how they propagate into the final image, and methods of reducing their undesired

effects.

2.4.1 Autocorrelation

Additional sinusoidal terms (which are ignored in equation (2.3)) can arise from back-

reflections from different depths in the sample interfering with each other, known as

autocorrelation. These terms are undesired and propagate themselves as false inter-

faces at depths equal to the path length difference between such interacting scattering

sites. One method to eliminate these is to add an optical switch in the reference

arm to measure the interference signal only returning from the sample arm for ev-

ery A-line acquired. Thus, the self-interference signals can be subtracted from total

interferogram before processing into an A-line. However, this introduces additional
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computational load and is only demonstrated for A-line rates of up to 29 kHz [34],

which may not be fast enough for certain applications. Typically, the reference arm

has much more power than the sample arm, thus autocorrelation interfaces are weak

and can be ignored.

2.4.2 Source spectral shape

The shape of the source power spectrum is often chosen to be Gaussian because

the corresponding PSF has smooth exponential decay. While the spectrum could

have greater bandwidth and a different shape, the PSF would be narrower but also

include artefacts such as side lobes due to the FFT. Due to high dynamic range in

the image, a strong scatterer with side lobes can mask or obscure nearby weaker

structures. Techniques to reduce the presence of side lobes by re-shaping the source

power spectrum have been employed [35] to return a desirable PSF shape.

2.4.3 Complex conjugate ambiguity

Since the measured spectral interferogram is purely real, the corresponding A-line

has complex conjugate symmetry about the zero delay point. This ambiguity arises

because the same interferogram can result from equal positive or negative path length

differences. Typically, half of the image corresponding to the negative path differences

is discarded. However, if there is a reflecting interface on the negative side of zero

delay, its mirror image wraps onto the positive side as an artefact. Therefore, care

must be taken to ensure all interfaces are located on the positive side of zero path

delay.
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2.4.4 Dispersion compensation

As light travels through the sample media, a mismatch in group velocity dispersion

can occur between the arms of the interferometer. This can result in a chirped

interferogram and a broadening of the PSF [28]. One method of compensating for

this is placing various amounts of dispersive material, like glass, in the reference arm

until the axial resolution is optimized [36].

2.4.5 Camera saturation

If some pixels on the line camera become saturated from too much returning light,

the spectral interferogram becomes clipped. As a result, a continuum of additional

fringe frequency components propagate themselves after the FFT as additional signal

at all depths. However, if the clipping is not severe, the strongest interfaces (or fringe

frequencies) should still dominate and not lose depth accuracy. Camera saturation

can be prevented by reducing imaging beam power in the system.

2.4.6 Motion artefacts

Rapidly moving interfaces (i.e., faster than the acquisition time of a single inter-

ferogram) can propagate into the final image in a couple of ways. In TD-OCT or

SS-OCT, the movement can cause the interface to appear at an erroneous depth in

the image [37]. By contrast, if the interferogram is changing faster than the inte-

gration time of the line camera in SD-OCT, the signal becomes averaged and loses

fringe amplitude contrast. Therefore, the interface loses contrast and can completely

disappear in the A-line in what is known as fringe washout. In applications such as

depth sensing for laser micromachining, fringe washout may be more desirable than
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detecting the interface at an erroneous depth.

2.4.7 Speckle

While speckle is not necessarily an imaging artefact, it is a characteristic of coherent

imaging (also observed in ultrasound). Speckle is the random intensity pattern pro-

duced from mutual interference caused by the spatial distribution of scatterers [38, 39].

If the spatial distribution changes, so does the speckle pattern. Therefore, it is possi-

ble to detect structural changes on sub-wavelength scales because the speckle pattern

will change accordingly. Areas with high speckle variance may indicate a rapidly

changing environment whereas unchanging speckle patterns show stationary regions.

2.5 Laser-matter interaction regimes

Material processing using lasers can occur over a wide range of interactions that

depend on fluence, pulse duration, wavelength, as well as optical and thermodynamic

properties of the target. The total absorbed laser energy as well as spatial and

temporal energy distributions determine the mechanisms for material removal, which

ultimately affect the final outcome.

When the target material is exposed to laser radiation, energy is absorbed by

the electrons through linear or nonlinear processes. For a given laser fluence, shorter

pulse duration favours nonlinear multiphoton absorption processes, which increase

strongly with laser intensity. After the initial electronic excitation, there exist many

complex secondary processes that can eventually lead to the removal of macroscopic

amounts of matter (i.e., ablation). Depending on the timescales of interaction, laser
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ablation is commonly separated into thermal and ultrashort pulsed regimes.

After incident photons are absorbed, the distribution of excited electronic states

rapidly becomes thermalized due to carrier-carrier interaction. Eventually, it reaches

quasi-equilibrium with an energy distribution over available states as described by the

Fermi-Dirac distribution with electron temperature, Te [40]. As the excited electrons

relax through repeated emission of phonons, energy is transferred through heat into

the lattice over longer time scales. This leads to three characteristic times to consider:

the laser pulse duration, �L, the electron cooling time, �e, and the lattice heating

time, �i, where �e ≪ �i [41].

It is generally agreed in literature [40, 42, 43] that the boundary between thermal

and ultrashort pulsed ablation arises from comparing �L and �e. If �L ≫ �e (i.e., ther-

mal), equilibrium can be established between electrons and phonons and the electron

temperature becomes approximately the same as the lattice temperature (Te ≈ Ti).

In this case, the material can be modeled as a one-temperature system and result-

ing phase changes are considered slow thermal processes involving quasi-equilibrium

thermodynamics. Material is heated to the melting temperature and (depending on

laser fluence) subsequently vaporization temperature and expelled from the interac-

tion region in either phase. By contrast, if �L < �e (i.e., ultrashort), the material

is in a highly nonequilibrium state where Te ≫ Ti and depending on the material,

can take thermal or nonthermal routes leading to structural modification [42]. After

performing many numerically intensive molecular dynamics simulations modeling the

thermodynamic pathways for material removal, Perez et al. [44] reveal several pho-

tothermal (e.g., phase explosion, vaporization) and photomechanical (e.g., fragmen-

tation, spallation) mechanisms based on the depth-dependent local energy density.
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There is also some ambiguity defining ablation regimes. For example, there can

be variability in the definition of ultrashort pulses due to its dependence on the

target material properties, namely the strength of its electron-phonon coupling [45–

47]. Meijer et al. [48] defines a pulse as ultrashort when the thermal diffusion depth

during the pulse is the same order or less than the optical penetration depth. Optical

penetration is often modeled from the Beer-Lambert law for laser intensity through

a medium, given by I(z) = I0e
−�z. Here, I0 is the intensity at the surface, � is the

optical absorptivity of the material (which is wavelength-dependent), and z is the

depth into the material. The optical penetration depth (or skin depth), � = 1
�

, is

commonly used to describe the depth at which most of the laser energy is absorbed.

For a good conductor [49],

� =

√
��

�c�
, (2.8)

where � is the wavelength, c is the speed of light, � and � are the resistivity and

permeability of the medium, respectively. Heat from the absorbed energy diffuses

from the skin layer into the bulk during the pulse to a diffusion depth (according to

a one-dimensional diffusion model) [1, 48],

d ≈ (4a�L)
1
2 , (2.9)

where a is the thermal diffusivity. While the optical penetration depth depends on

both laser wavelength as well as material properties, thermal diffusion depth only

depends on the latter.

Chichkov et al. [50] further classifies the interaction regimes into femtosecond

(�L ≪ �e), picosecond (�e ≪ �L ≪ �i), and nanosecond (�L ≫ �i), which are renamed

more generally here to ultrashort, short, and long pulses, respectively. For ultrashort
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pulses, the optical excitation ends before the “hot” electrons reach equilibrium with

the “cold” lattice. Short pulses interact with the material long enough for the excited

electrons to reach equilibrium with the lattice (typically in 1 - 10 ps [51, 52]), but

have a thermal diffusion depth during the pulse less than the optical penetration

depth. Finally, for long pulses, not only do the electrons reach equilibrium with the

lattice, but the thermal diffusion depth during the pulse is greater than the optical

penetration depth, leading to large heat-affected zones (HAZ).

2.6 Laser micromachining considerations

The simplest method of micromachining using pulsed lasers is by maintaining a sta-

tionary spot and applying pulses at a constant repetition rate to the same position

focused on the sample surface. This technique is known as percussion drilling, re-

sulting in a simple hole geometry in the target material. Deep hole drilling in the

femtosecond (or ultrashort pulsed) regime has been described to occur in two stages:

the rapid formation of a narrow channel followed by broadening of the channel to its

final width [53, 54].

Generally, reducing pulse duration has been shown to be beneficial for improved

quality of micromachining mainly due to reduction of the HAZ and mechanical dam-

age leading to higher precision and reproducibility of the final structural modifica-

tions [1]. In metals, the HAZ is usually associated with molten material being recast

onto the sample leading to less predictable results. While this result is more likely to

occur in the long pulse regime as described by [55], it is argued that melt production

cannot be avoided even in the femtosecond regime [45, 56, 57]. Furthermore, the

presence of thermal damage is still possible in the femtosecond regime if operating
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at fluences many times greater than the ablation threshold [44, 47, 50, 58]. In fact,

it has been argued that simply decreasing the pulse duration to femtoseconds will

not necessarily achieve highest quality due to nonlinear wavefront disruption, which

distorts the beam profile leading to worse precision [43, 46]. Therefore, it is believed

that an optimal parameter window in the picosecond (or short pulsed) regime can

offer a balance of high precision without large amounts of molten recast or delivering

a distorted beam profile [43, 46].

In the case of biomedical applications, laser ablation of hard tissue such as bone is

much harder to model because it is a more complex, heterogeneous material. While

metals have very small skin depths over a wide range of wavelengths due to being

good conductors, the absorption in bone varies greatly with wavelength. Bone is

generally composed of water (∼13%), organic collagen (∼27%) as well as an inorganic

mineral component (or hydroxyapatite, ∼60%) [59]. Therefore, it is well-established

that lasers operating at wavelengths of high absorption peaks for water (Er:YAG,

�0 = 2.94 �m) [60] and mineral (CO2, �0 = 9.6 �m or 10.6 �m) [61] are efficient

for material removal. By contrast, absorbed energy in bone at 1064 nm is generally

lost to heat conduction in the surrounding tissue until carbonization (or charring),

which is necessary to increase the optical absorption for material removal [59, 62, 63].

In addition, it has been observed that in the thermal regime, the mineral component

of bone recrystallizes inside the carbonization layer [64]. Thus, for bone, the HAZ is

associated with the recrystallized mineral and carbonized tissue. Carbonization can

be avoided by using ultrashort or short pulses, even operating at wavelengths not

necessarily highly absorbing in bone, such as 775 nm [65, 66] or 1064 nm [67].
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Experimental Apparatus

For real-time in situ metrology such as ICI, monitoring laser micromachining pro-

cesses must overcome many optical challenges related to imaging intense light-matter

interactions. This includes large variations in the amount of backscatter due to rapidly

changing geometry, simultaneous reflections from multiple depths in the sample, and

blinding backscatter from the intense machining beam as well as strong optical emis-

sions from plasma created during ablation. Therefore, the imaging system must be

resistant to such blinding sources and have high dynamic range as well as high sen-

sitivity. In addition, its spatial resolution should be on the order of the feature sizes

of the resulting cuts (ones to tens of micrometres) and be able to acquire data on the

order of the pulse repetition rate of the machining laser (ones to tens of kilohertz).

23
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3.1 Implementation

There are several variants of the same essential apparatus, which can be separated

into two systems (imaging and machining) running in parallel. Imaging and ma-

chining light are coaxially aligned and focused onto the sample through a common

objective lens as shown in Figure 3.1(a) for percussion drilling and Figure 3.1(b) for

complex machining geometry experiments. For motion control, the sample is mounted

onto a three-axis (X-Y-Z) translation stage, with some axes controlled via motorized

actuators and others controlled by micrometres.

To image such samples, light from the broadband source is split using a 50:50 mode

coupler into reference and sample arms of a fibre-based Michelson interferometer,

where the light reflected from a reference mirror is interfered with light backscattered

from multiple depths in the sample. Polarization controllers are used to correct for

polarization mismatches between both interferometer arms, arising from polarization

changes due to fibre orientation. Furthermore, identical transmissive optics are placed

in both reference and sample arms to match dispersion as discussed in section 2.4.4.

Moreover, the focusing lens placed in the reference arm can be translated along the

beam axis to defocus the beam and adjust the power returning from the reference

arm to avoid camera saturation as discussed in section 2.4.5. The returning light

does not travel back into the source (for protection) because the optical isolator only

allows light to pass in the forward direction. Returning light into the isolator is

disposed safely into an absorbing beam block at the end of a third arm not shown

in Figure 3.1. Returning light in the opposite arm of the 50:50 mode coupler is

then spectrally resolved using a reflective grating onto the sensor array of a line

camera (i.e., the spectral interferogram). Calibration of camera pixel number to � is
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Figure 3.1: Schematic diagram of apparatus used in (a) percussion drilling and (b) complex
machining geometry experiments.
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performed using an argon or neon gas lamp. The measured spectral peaks are fit (4th-

order polynomial) to known spectral data from the National Institute of Standards

and Technology (NIST).

Consequently, standard SD-OCT processing techniques are applied to convert

wavelength (interferogram) into depth (A-line) information. First, the background

terms (Iref and Ii from equation (2.3)) are measured a priori by blocking the opposite

interferometer arm and subsequently subtracted from the interferogram of interest.

Furthermore, a Gaussian fit is applied to the measured source spectrum (i.e., Iref ) to

generate a multiplication correction factor for each pixel by dividing the measured and

ideal fit spectra (to achieve more ideal Gaussian PSF as discussed in section 2.4.2).

Since the pixels on the line camera are not spaced apart in constant k (as required

for high speed FFT) the spectral interferogram is resampled to constant k spacing

via cubic spline interpolation before finally transformed into an A-line by FFT. After

discarding the half-image corresponding to negative path delays (see section 2.4.3),

this process is repeated for all A-lines making up a frame (in a B- or M-mode) where

the reflectivity scale is displayed on a logarithmic scale due to high dynamic range.

Afterward, since sensitivity is worse deeper in the sample, the noise floor is normalized

across all depths. Finally, the dynamic range window is usually shifted by using ceiling

and floor functions for better visualization on media with less dynamic range (e.g.,

printing on paper, computer monitor).

Reflectivity is typically displayed in decibels (dB), which is calculated relative to

the system sensitivity. The latter is measured by placing a mirror (i.e., a “perfect”

reflector) in the sample arm at a certain path delay and source power is increased

until just below camera saturation. Neutral density (ND) filters are then placed in the
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sample arm to attenuate the signal until a processed A-line is no longer detectable.

Thus, system sensitivity is amount of attenuation provided by the ND filters (in

two passes) and multiplied by 20 using the voltage definition of dB. In addition, the

maximum sensitivity can be calculated by further increasing the source power (to

maximum) as more ND filters are added (while keeping the camera unsaturated).

Since the system sensitivity can change over time (for example, with imaging source

spectrum, coupling into fibre etc.) it is sometimes more convenient to plot B/M-mode

data on a scale of signal intensity rather than reflectivity, still measured in dB. With

the dynamic range window typically shifted (as described above), signal intensity is

a relative measurement to the floor function applied.

In the following described experiments, B/M-mode frames were processed in real-

time on LabVIEW using a virtual instrument (VI) written by Paul Webster with

sections added by Joe Yu. B/M-mode images produced in LabVIEW used linear in-

terpolation when resampling k (as opposed to the more complex cubic spline method)

to save processing time and give the operator a rough estimate of the final image.

Only raw interferometric data was saved and later processed in MATLAB using code

written by the author. A more detailed description of the apparatus will be included

in the thesis of Paul Webster (designer of the apparatus).

3.2 Practical considerations

For coaxial alignment, the imaging beam was aligned to the machining beam, which

was transmitted through the dichroic mirror. Using the adjustable optic mounts on

the dichroic mirror and fibre collimating lens, the imaging beam was iteratively redi-

rected to match beam centres with the machining beam (measured using a handheld
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infrared viewer or infrared card viewer) near and far to the dichroic mirror, respec-

tively. Once coaxially aligned, both beams were focused onto the sample through a

common objective lens. In the case of percussion drilling experiments (Figure 3.1(a)),

the common objective was a 50 mm achromatic lens whereas for experiments required

to raster scan the beams onto the sample, both beams were directed by two X-Y mir-

ror galvanometers before being focused through a common 35 mm telecentric lens

(Figure 3.1(b)). The achromatic lens was chosen to reduce chromatic aberrations

whereas the telecentric lens was chosen so that the imaging and machining beams

were always perpendicular to the rear focal plane despite not always being parallel

to the optical axis entering the lens. This was done to avoid distortions in B-mode

images.

Since both imaging and machining beams operate at such different wavelengths

and are focused through the same objective lens, their focal planes were not necessarily

overlapped even with an achromatic lens. The micromachining application required

the sample to be located at the machining laser focus (for maximum intensity) more

than the imaging system as long as the machining laser focus was within the con-

focal parameter (or two times the Rayleigh range) of the imaging beam. Therefore,

the beam spot sizes were measured at the focus of the machining beam. This was

done by moving a CMOS camera (PixeLINK PL-A741) mounted onto a microme-

tre translation stage along the beam axis using until the machining beam spot was

smallest on the sensor. Using a LabVIEW VI written by Paul Webster and fellow

student Mitchell Anderson (Ph.D. candidate), a Gaussian fit was applied along the

row and column of pixels intersecting the centre of the spot and the 1/e2 intensity

diameter was calculated. Note that the machining laser was operated at low power
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and, when necessary, ND filters were placed in the beam path to prevent machining

of the sensor itself. The latter technique was not desirable because it could distort

the beam profile. To measure the Rayleigh range of either beam, after measuring the

beam waist (half the 1/e2 intensity diameter, w0) at its focus, the PixeLINK PL-A741

was translated along the beam axis until the beam waist was
√

2w0 as measured on

the LabVIEW VI. The distance translated between the focus and the
√

2w0 position

was measured (using the micrometre on the translation stage) to be the Rayleigh

range. In most cases, the Rayleigh range of the machining beam was measured to be

<500 �m, thus if a cut was made deeper than the Rayleigh range, the beam would

have started to defocus causing a decrease in laser fluence to the sample.

Afterward, the depth of machining beam focus was calibrated with the imaging

system. This was typically done by placing a material such as silicon in the sample

arm and determining the threshold for material modification using the machining

laser at very low power. The sample surface was monitored using ICI where small

modifications could be detected. Thus, surface modification only occurred at the

focus (where highest intensity is achieved for a given average power) with low enough

average power from the machining beam. The sample was iteratively translated until

the machining beam focus was found, then the reference mirror was translated to the

desired optical path length difference such that all subsequent dynamics occurred on

a single side of the zero delay point (see section 2.4.3). Note that once the reference

mirror was set (and the optical path delay to the machining beam focus was known),

ICI provided a fast and convenient method for positioning the sample at (or a known

distance away from) the machining laser focus using a translation stage.

During ablation, ICI is not blinded by intense backscatter from the machining
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laser or resulting plasma due to highly selective wavelength and coherent filtering.

The dichroic mirror prevents reflection of light with wavelengths far from those used

for ICI back into the spectrometer. Furthermore, incoherent light does not couple

well back into single mode fibre and any such light that travels to the detector appears

as background signal (near the zero delay point) in the final image that can be easily

subtracted.

3.3 Imaging light sources

The light sources and detectors were chosen depending on the application. In this

work, two different imaging systems were used (one in the infrared, IR, and one in the

near infrared, NIR). Generally, longer wavelengths achieve deeper penetration into the

sample but at the cost of degraded axial resolution (assuming bandwidth remains the

same as shown by equation (2.4)). Furthermore, operating in the infrared requires

indium gallium arsenide (InGaAs) detection technology, which is generally slower

and noisier than silicon-based detectors. Table 3.1 summarizes the different imaging

systems used.

The axial resolution was measured by placing a mirror in the sample arm and

calculating the width of a fitted Gaussian on the resulting A-line and source average

power was measured (outside of the focus) using either photodiode (< 500 mW) or

thermal (> 500 mW) sensors.
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Table 3.1: Comparison of imaging systems.

NIR System IR System

Light source
Broadened Ti:AlO3 oscillator Coupled SLD pair

Coherent Mira 900 InPhenix IPSDM-1322

Detector
Si CMOS InGaAs photodiode array

Basler Sprint spL4096-140km Goodrich SU512LDV-1.7RT-0500/LX

Centre wavelength, �0 (nm) 805 1320
Axial resolution, Δz FWHM in air (�m) 5 14

Maximum sensitivity in air at 150 �m (dB) 103 98
Maximum power on sample (mW) 60 7

Maximum line rate (kHz) 312 24

3.4 Machining light sources

The machining lasers are separated into long and short pulsed systems as summarized

in Tables 3.2 and 3.3, respectively. The pulse trains for both long pulse systems were

commanded by a transistor-transistor logic (TTL) signal from a function generator

(Tektronix AFG3022B). In the case of the Quasi-Continuous-Wave (QCW) laser, the

pulse width was determined by the width of the inputted TTL signal whereas for the

Master Oscillator fibre Amplifier (MOFA) laser, the pulse width was dependent on

the repetition rate used. In both cases, the number of pulses was specified by the

TTL command.

Table 3.2: Comparison of long pulsed machining systems.

Light source
QCW Yb-fibre laser Maser Oscillator Fibre Amplifier
IPG YLR-100-SM IPG YLP-100-30-30-HC

Centre wavelength, �0 (nm) 1070 1070
Pulse width, �L 10 �s - CW 100 - 200 ns

Maximum average power (W) 100 30
Repetition rate (kHz) QCW - 50 30 - 80
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By contrast, the short pulsed lasers required a mechanical shutter to choose the

number of pulses applied to the sample. The shutter came from a single-lens reflex

(SLR) camera (Nikon F90X) and was driven by TTL command through its external

remote port. The exposure time was either specified by the camera or by the width of

the TTL signal (when the camera was set to “bulb” mode). The measured 10% - 90%

rise time was found to be 31.9 ± 0.4 �s, which was fast enough to avoid clipping the

machining beam for the repetition rates used. Furthermore, since the pulses were so

short, they were measured using an optical autocorrelator.

Due to the cost of such short pulsed lasers, they were loaned to the research group

only for short periods of time as shown in Table 3.3.

Table 3.3: Comparison of short pulsed machining systems.

Light source
Picosecond regenerative amplifier Diode-pumped solid-state laser

HighQ IC328 pico REGEN IC-1500 Ekspla PL10100

Loan duration 2 weeks 4 weeks

Centre wavelength, �0 (nm) 1064 1064
Pulse width, �L (FWHM) 9.4 ps 9 ps

Maximum average power (W) 3 10
Repetition rate (kHz) 1 - 100 50 - 100



Chapter 4

Industrial Materials and

Applications

The results in this chapter are intended to be a survey to highlight different features

of M-mode images when machining in different ablation regimes and in various ma-

terials. These images serve as examples to determine the system’s limitations and

versatility, as well as provide better understanding for guiding ablation in a more

complex material of interest (bone tissue) in the next chapter. In addition, different

processing techniques for industrial applications are explored, including the conver-

sion of M-mode images to numerical hole depth data for quantitative analysis and

the possibility of using (otherwise discarded) phase information to extend depth sen-

sitivity to sub-wavelength scales.

33
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4.1 Understanding M-mode images

Metals such as stainless steel are commonly micromachined and can provide simple

M- mode images such as that shown in Figure 4.1(a) [68]. In this case, the sam-

ple undergoes oxygen assisted percussion drilling using the MOFA nanosecond laser

(760 �J/pulse, 100 ns pulse duration at 30 kHz repetition rate with 8.3 bar O2 assist

gas) while being imaged at a 300 kHz line rate using the NIR system. Instead of

plotting against time, the M-mode image is plotted against machining pulse number

for easier interpretation. Assist gas is commonly used to enhance material removal

and protect the nearby optics. Both imaging and machining light comes from the top

of the image with the sample surface positioned at the machining laser focus (150 �m

path length difference to the reference mirror). As additional machining pulses are

applied, the air-steel interface descends showing progress of the cut; the hole depth

reaches approximately 600 �m into the sample after 104 pulses. At later parts of

the cut, the machining rate may decrease due to defocusing of the machining beam

(where the bottom of the hole is beyond the machining beam Rayleigh range).

The parameters of this cut are chosen because they result in a clean and sim-

ple image. Metals have a very small skin depth (≈ 22 nm for stainless steel using

�0 = 805 nm and � = 6.897 x 10−7 Ωm [69] in equation (2.8)), thus there is no

presence of subsurface scattering in the image. Furthermore, holes drilled using these

parameters are wider than the transverse width of the ICI beam, so there are no

observed reflections from above the machining front (i.e., from the top of the surface

and/or the sidewalls). Since the cut is imaged at 300 kHz and the machining laser

delivers pulses at 30 kHz, there are 10 A-lines acquired per laser pulse (one during

the pulse and nine afterward). The 9 A-lines between laser pulses are nearly identical
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Figure 4.1: (a) M-mode image of ASTM A240 stainless steel being percussion-drilled using the
nanosecond MOFA laser and imaged using the NIR imaging system. (b) Inset showing first 1000
machining pulses for better clarity. Figure modified with permission from [68]; data collected by
Paul Webster and processed by the author.

showing very little relaxation dynamics on micrometre length- and microsecond time

scales. With 100 ns pulse duration, the thermal diffusion depth during the pulse is

approximately 1 �m (using a = 4.2 x 10−6 m2

s
[70] in equation (2.9)). While this is

larger than the 25 nm skin depth at � = 1064 nm (using equation (2.8)), it is still

smaller than the machining laser spot size (20 �m 1/e2 intensity diameter) and most

feature sizes of the hole (ones to hundreds of micrometres). This means that most

of the energy absorbed in the focal volume is not carried away very far into the bulk

over the duration of the pulse. Furthermore, the lack of observed relaxation between

laser pulses suggests that there is negligible liquid phase present in the hole, which

would otherwise appear as a changing interface as it solidifies.

By contrast, the cut behaviour in steel is much more complex for longer duration

and higher energy pulses. A cycle of hole drilling and refilling is observed when using
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the QCW laser (10 mJ/pulse, 100 �s pulse duration at 4 kHz repetition rate with

6.8 bar O2 assist gas). This is imaged with the IR system at an A-line rate of 24 kHz

as shown in Figure 4.2(a). With 6 A-lines acquired per machining pulse, the sample

is monitored during and in between laser pulses. Furthermore, the air-steel interface

can be located to better than the axial resolution by measuring the centroids from

Gaussian fits as shown in Figure 4.2(ai), where the grey regions represent when the

sample is exposed to the machining laser. In this case, the thermal diffusion during

the 100 �s pulse is approximately 40 �m (using equation (2.9)), which is much larger

than the skin depth (25 nm) and on the same order length scales as the machining

laser spot size (53 �m 1/e2 intensity diameter) as well as feature sizes of the hole.

Thus, energy is carried out of the target volume and into the bulk over the duration

of the pulse. While having more than 10 times the energy per pulse compared to the

nanosecond laser, it is also spread over a much larger volume (>200 times considering

a cylindrical volume with diameter from the laser spot size an height equal to the

diffusion depth during the pulse). Therefore, it is more likely for the QCW laser to

remove material in the liquid phase, whereas the nanosecond laser may expel material

primarily in the gas phase. Evidence of liquid phase in the case of the QCW laser

comes from the periodic drilling and refilling behaviour. During the laser pulse, the

air-steel interface descends and material is displaced from the hole (on length scales of

about 150 �m) in liquid phase to the top surface surrounding the hole. Consequently,

in between laser pulses, the air-steel interface rises as the liquid refills into the hole

(perhaps from surface tension, or from a pressure gradient due to cooling at the hole

bottom). This type of behaviour is only observable using a real-time measurement

such as ICI, where it is seen that the depth of hole refilling is variable and can lead
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to unpredictable final hole depths.

As another comparison, the same material is machined using the HighQ picosecond

laser (200 �J/pulse, 9.4 ps pulse duration at 2 kHz repetition rate) to achieve ablation

in the short pulsed regime (Figure 4.2(b)), where the thermal diffusion depth during

the pulse (∼10 nm from equation (2.9)) is slightly smaller than the skin depth (25 nm).

A large proportion of the applied energy is carried away by the ejected material from

the sample leaving comparatively little heat to be transferred into the bulk. The

reduction of peripheral heat into the bulk leads to smaller heat-affected zones and

more deterministic cutting. Similar to the nanosecond laser (Figure 4.1), there is

negligible relaxation between laser pulses (Figure 4.2(bi)), again suggesting that there

is little thermal energy deposited into the sample. By contrast, the overall progression

of hole depth has better linearity with additional machining pulses.

Another benefit of imaging between laser pulses is being able to track an inter-

face in the case of very high removal rates. Using the same laser parameters as

in Figure 4.2(a), five pulses are applied to lead zirconate titanate (PZT) in Fig-

ure 4.2(c), drilling close to 700 �m into the sample. Since the material removal rate

is much higher than that shown in steel (Figure 4.2(a)), the air-PZT interface moves

so quickly during the laser pulse that the interface disappears due to fringe washout

(see section 2.4.6) but reappears in between pulses as a mostly static interface. The

higher removal rate of PZT in this thermal regime of machining may be due to having

a lower thermal diffusivity (a = 4 x 10−7 m2

s
for similar material [72, 73]), lower

melting temperature, or lower reflectivity (i.e., higher absorption) compared to steel.

In Figures 4.2(a) and (b), the x-axes on the M-mode images are scaled according

to total incident energy because it is a more fundamental comparison than time or
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Figure 4.2: (a) QCW and (b) picosecond drilling in 304 stainless steel. (c) QCW machining in
PZT. All images acquired using IR system with A-line rate of 24 kHz. Vertical scale bars are 150 �m
(white) and 50 �m (black). Shaded regions in insets (ai) and (bi) represent time during machining
laser exposure and connected lines are intended to guide the eye. Figure modified with permission
from [71]; data collected by Paul Webster; analysis and figure prepared by the author.
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machining pulse number; this is due to the large difference in pulse energies from the

QCW and HighQ picosecond machining lasers. Figure 4.2(c) is also plotted against

total incident energy, but not scaled equally with Figures 4.2(a) and (b) for better

clarity. Vertical scale bars are used (instead of optical depth on the y-axis as used in

Figure 4.1) in Figure 4.2 because depth is a relative measurement; this is a commonly

used method in literature.

To better observe the melt and refill cycle achieved in steel using the QCW laser

(in this case, using 9.5 mJ/pulse, 100 �s pulse duration at 4 kHz repetition rate

with 0.7 bar O2 assist gas), an M-mode is shown using the NIR system at 300 kHz

(Figure 4.3). As before, the air-steel interface descends (approximately 200 �m)

while the machining laser is on, and rises between pulses. With >10 times temporal

resolution compared to Figure 4.2(a), it is seen that there are instabilities at the

bottom of the hole during exposure (which agrees with the presence of liquid phase

at the bottom of the hole). Once refilled, the air-steel interface remains mostly static

and has strong reflection as seen by the partial camera saturation (see section 2.4.5),

most evident here between the 8th and 12th pulses. This could not be avoided because

sensitivity must be increased to observe the bottom of the hole during laser exposure.

4.2 Converting M-mode images to numerical data

The first step to any quantitative analysis is to determine the hole depth at (or close

to) every A-line. Collecting enough data for statistical analysis of laser micromachin-

ing using certain parameters can be a lengthy and expensive process, especially when

using ex situ methods. In order to improve the ease of gathering data, the numeri-

cal depth information can be extracted from M-mode images by using a customized
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Figure 4.3: M-mode image of ASTM A240 stainless steel being percussion-drilled using 9.5 mJ,
100 �s pulses at a 4 kHz repetition rate. 0.7 bar of O2 assist gas is applied coaxial to the beam axes
and the process is imaged at a rate of 300 kHz using the NIR imaging system. Figure modified with
permission from [68]; data collected by Paul Webster and processed by the author.

post-process algorithm to track the depth of particular interfaces. While interface

depths can be tracked to better than axial resolution as shown in Figures 4.2(ai) and

(bi), applying Gaussian fits to every A-line is very computationally intensive. For the

purposes of determining trends in the overall progress of a cut, this accuracy is not

required. Thus, the presented algorithm provides a faster method of quantifying such

trends and is evaluated relative to an expert human’s interpretation of the M-mode

image.

The following is a description of the customized tracking algorithm. Since the

pulse train of machining light is synchronized (with negligible timing jitter) with the

series of line camera integrations, each A-line is acquired at a specific phase, or time

delay with respect to the start of the machining pulse. The variation in depths during

a machining pulse cycle can be quite large, making it difficult the follow the interface
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when comparing adjacent A-lines. However, since the process is periodic, it is easier

to compare A-lines which are sampled at the same phase of the machining cycle.

Therefore, the variation in depth between two A-lines acquired at the same phase of

two consecutive machining pulses is much less than that for two consecutive A-lines

within the same machining pulse at different machining phases.

The first step of the algorithm is to separate the M-mode image into subsets (or

sub-frames), each showing a single phase of the machining cycle. The main idea is

to track the interface within these sub-frames independently and reassemble them at

the end.

Within each sub-frame, the algorithm performs a coarse and fine search. The

coarse search is done by determining the depth of the brightest pixel within each

A-line. Linear splines are fit to the brightest pixels of each sub-frame; consequently,

the fine search is limited to finding the brightest pixel within a window about those

fits. Finally, after the points are reassembled into the full frame, tracked pixels below

a threshold signal to noise ratio (SNR) are discarded. This threshold is often adjusted

until most outliers (or “false” points as interpreted by a human) are rejected; outliers

typically occur due to low SNR and/or the presence of sidewalls. This is done because

it is more desirable to not assign a depth at all rather than to assign an erroneous

depth.

The results from the algorithm are overlaid on the M-mode image from Fig-

ure 4.1(a), as shown in Figure 4.4. Because of the simplicity of the M-mode, there

are only a small number of outliers detected, which are statistically insignificant com-

pared to the total number of tracked points. Such outliers occur more often at lower

depths where the SNR is worse. For example, in the first half of the frame (i.e., early
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in the cut when the hole is not very deep), only 2% of the points are discarded due

to insufficient SNR, whereas over the entire frame, this value is 21%.

Figure 4.4: Results from the interface tracking algorithm overlaid on Figure 4.1(a). Figure modified
with permission from [68]; data collected by Paul Webster and processed by the author.

Note that traditional ex situ methods to determine depth versus the number of

machining pulses involving side-polishing the sample would require approximately

104 holes to be drilled in order obtain the same amount of data (assuming the hole

has relaxed to its final depth before the next machining pulse). This process requires

much more time than obtaining an ICI measurement of a single hole and applying an

interface tracking algorithm. Furthermore, the former does not account for the inher-

ent stochastic nature of the cut, which can be easily observed by comparing M-mode

images of the same material undergoing exposure using the same laser parameters.

As a simple demonstration of using the algorithm to study the effect of assist gas

pressure, a plot of the tracked hole depths on three different oxygen-assisted cuts

with the same parameters as Figure 4.1(a) (except for gas pressure) are shown in
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Figure 4.5. Here, the y-axis is hole depth (not to be confused with optical depth

in the M-mode images), which is more commonly used in literature. The ∼0 bar

case refers to a hardly audible flow of gas intended to maintain the chemical effect

of oxygen without its mechanical effects. While the shape of the curves is similar in

all cases, the hole progresses deeper with higher gas pressure. This could be from

a combination of the additional pressure of the gas and the chemical reaction with

oxygen aiding the removal of material. Early in the cut, the removal rates are quite

similar. Later in the cut, the variation in the depth of the hole bottom is lower for

higher gas pressure, suggesting higher gas pressure leads to a more stable process.

Figure 4.5: Comparison of three cuts in steel with different O2 assist gas pressures. Data for each
curve has been downsampled by a factor of 150 for ease of viewing. Figure modified with permission
from [68]; data collected by Paul Webster and processed by the author.

The value of this tracking algorithm is more evident in holes with rapidly changing

and complex geometry (i.e., the presence of sidewalls), such as in the case of QCW

drilling in steel (Figure 4.6). Since the behaviour is periodic, separating the image

into its machining cycle phases is well-suited for this type of hole. The signal from

the sidewalls can cause the tracking algorithm to underestimate the depth of the hole
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bottom, but choosing the input parameters carefully can still provide accurate depth

information (compared to human interpretation). It should be noted that while some

A-lines are affected by partial camera saturation, most of the frequency information

is still preserved and thus the correct depths are still weighted more (i.e., brighter)

and accurately tracked.

Figure 4.6: Results from the interface tracking algorithm overlaid on Figure 4.3. Figure modified
with permission from [68]; data collected by Paul Webster and processed by the author.

As mentioned, the value of an interface tracking algorithm is providing fast and

automated conversion of M-mode images to numerical depth information. Using the

algorithm presented above on various M-mode images of percussion drilling in steel

returns accurate depths compared to human interpretation, which can be later used

for quantitative and/or statistical analysis.
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4.3 Forward-imaging to monitor subsurface features

While M-mode images can provide information about the dynamics of machining in

metals, they cannot make use of subsurface imaging due the very small skin depth

of the ICI light. However, silicon is non-absorbing at 1320 nm and thus subsur-

face features can be observed using ICI. Ablation using the HighQ piosecond laser

(200 �J/pulse, 9.4 ps pulse duration at 1 kHz repetition rate) is monitored using the

IR system at 24 kHz (Figure 4.7). Since the material appears to relax very quickly

(much like steel in Figure 4.2(b)), only 4 A-lines per machining pulse are acquired

with the first A-line sampled at 2.5 ± 0.1 �s after the pulse to avoid extremely large

datasets.

The silicon wafer is manufactured to 275 ± 50 �m thickness and is polished

on a single side. The polished side faces the ICI and machining beams slightly off-

normal to avoid specular reflection (because the polished surface is very flat) causing

camera saturation. Therefore, before any machining pulses are applied, the polished

surface (P in Figure 4.7) appears as a very weak interface, whereas the backside, or

non-polished surface (NP), appears as a strong interface (since it is not as flat, there

is more diffuse reflection). Once the sample is exposed to the machining light (at

0 mJ incident energy), signal from the top polished interface becomes much stronger

because the surface roughness changes as the material is machined, causing more

diffuse reflection from the top. Consequently, with less light reaching the back non-

polished interface, that signal decreases as well (although it is still much higher than

the noise floor).

As additional machining pulses are applied, the bottom of the hole descends and
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Figure 4.7: M-mode image of picosecond drilling in silicon showing subsurface features. (ai) is a
schematic diagram of possible optical paths corresponding to interfaces seen in the M-mode image.
Magnified segments of the M-mode image show variation in speckle at (bi) early and (ci) late sections
of the cut. Figure rotated for increased size and clarity. M-mode data collected by Paul Webster
and analyzed by the author.
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the stationary back interface appears to rise. This non-intuitive behaviour is well un-

derstood. ICI measures optical path length, which depends on the index of refraction

of the medium, n. As the hole is being drilled, silicon is replaced with air. Since n

for silicon is greater than that for air (nair = 1) at the ICI wavelengths, the optical

path length to the stationary back interface decreases, making it appear to rise in the

M-mode image. In this case, there appear to be three distinct subsurface interfaces as

denoted by (3) - (5) in Figure 4.7. A possible interpretation of this is considering the

different possible optical paths to the back interface as shown schematically in inset

(ai). The longest optical path is (5), going through both passes of the round trip in

silicon (nSi > nair). It remains at the same depth in the M-mode image because the

thickness from the top to bottom surface does not change. The shortest optical path

is (3), entering and exiting the silicon at the bottom of the hole. Optical path (4) can

arise from a combination of entering from the top surface and exiting the bottom of

the hole (or vice versa) leading to path length in between the two extremes (3) and

(5). Note that this interpretation requires the image spot size to be larger than the

diameter of the hole, which appears to be the case as supported by the presence of

sidewall signal above the ablation front.

One benefit to subsurface imaging is the ability to detect when the bottom of a

hole is approaching a subsurface feature, which may need to be preserved. This can

be seen in Figure 4.7, where the hole perforates through the back surface at 544 mJ

of incident energy, when the optical path length of (2) is equal to (3), meaning the

bottom of the hole is at the same depth as the back interface. Additional machining

pulses are applied after perforation, at which point the machining front immediately

becomes dimmer because there is no air-silicon interface anymore at the centre of the
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(now) through-hole.

In addition, the effective n for the material being removed can be determined from

the ratio of slopes of the descending machining front and apparently rising subsurface

layer (interfaces (2) and (3) in Figure 4.7). If x is the optical path to the bottom of

the hole and y is the optical path to the back interface, as the hole gets deeper with

time, t,

dy

dt
= (1− n)

dx

dt
. (4.1)

In this case, the index of refraction of silicon is found to be 3.53± 0.07, within good

agreement of its accepted value of 3.501 for �0 = 1320 nm [74].

Another interesting feature of the M-mode image in Figure 4.7 comes from the

sidewall signature. Early in the cut, the speckle (see section 2.4.7) from the sidewalls

is rapidly changing between successive machining pulses, whereas very little change

to the sidewall speckle is observed later in the cut. Insets (bi) and (ci) from Figure 4.7

show the sample near its top surface at early and late portions of the cut, respectively.

Both insets also only show a single phase of the machining cycle corresponding to the

A-line with the largest time delay to the machining pulse (i.e., the most relaxed

phase), thus each A-line in the insets corresponds to one machining pulse. Note that

there is very little correlation between adjacent A-lines in (bi) as the speckle pattern

dramatically varies from the changing sidewall geometry. By contrast, the top surface

in (ci) remains nearly static. There is slight variance in the speckle pattern of the

upper sidewalls, but it is much smaller than that observed in (bi).

To verify that the contrast in speckle variance between Figures 4.7(bi) and (ci) is

indeed due to changing sidewall morphology, and not dominated by noise, Figure 4.8
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shows an M-mode of silicon machined using similar parameters at the end of machin-

ing laser exposure (at 304 mJ incident energy). After the machining pulse train is

finished, the speckle pattern remains constant with the sidewall morphology in its

final relaxed state. Variation in the sidewall signal after 304 mJ incident energy is

due to system noise, which is not nearly as strong as speckle variation observed in

the sidewall prior to machining laser termination (to the left of 304 mJ).

Figure 4.8: M-mode image of silicon as exposure is terminated from the machining laser. Note the
lack of speckle variance in the sidewalls as morphology no longer changes after the machining pulse
train is finished. White rectangular bars overlaid on M-mode to indicate when the machining pulses
are applied. Data collected by Paul Webster and analyzed by the author.

The large contrast between Figures 4.7(bi) and (ci) can be interpreted as a narrow

hole in the early part of the cut, when even the sidewalls are exposed to the main

central lobe of the Gaussian beam profile of the machining laser (where the highest

intensity is achieved) for material modification. By contrast, the hole becomes wider

as the cut progresses to the point where the sidewalls are either exposed to just the

tails of the Gaussian profile (below threshold for material modification) or not exposed

to any machining light at all. This interpretation also agrees well with the machining

rate being higher in the early cut as the narrow hole becomes deeper, and slows down
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later as it becomes wider (although a different material, this behaviour is similar to

that described in [53, 54]). In this way, even while imaging along a single axis, it is

possible to access additional spatial information from the transverse dimensions.

Another interesting observation from the insets is that the top surface appears

slightly higher later in the cut (ci) compared to earlier (bi). This could be due to a

thin layer of recasted material on the top surface around the periphery of the hole,

which is also observed in microscopy as a discoloured circular region with grainy

texture about the deep hole at the centre.

4.4 Doppler processing for sub-wavelength detail

Analyzing the variance in the speckle pattern can give information from features on

the sub-wavelength scale. However, a more established method of detecting sub-

wavelength displacements is done via Doppler techniques. As mentioned in sec-

tion 2.3, acquiring data for Doppler processing does not require any changes to the

apparatus. An advantage of performing this technique to monitor laser micromachin-

ing is that the interesting dynamics occur predominantly in direction of interest (i.e.,

parallel to the ICI beam), whether it is due to the hole getting deeper or recasted

material building on the top surface. Therefore, the Doppler angle in equation (2.6)

is assumed to be � = 0∘. Furthermore, the duty cycle is maximized since the ICI

beam is stationary for M-mode imaging, limiting the possibility of aliasing.

While a spatial/temporal averaging mask is commonly applied for smoothing and

to increase SNR [23], it is not used in this case. Percussion drilling is treated as a

series of periodic impulses (i.e., machining pulse impinging the sample) and responses

(i.e., relaxation between pulses). Since, in the example shown below, there are not
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many axial scans acquired per machining pulse, there would be little benefit of an

averaging mask, especially because it would blur the contributions from impulse and

response. Therefore, each displacement measured using Doppler processing comes

from the differential measurement of only two consecutive axial scans.

Another common Doppler processing technique is to map areas in the image out-

side the region of interest to zero velocity [23]. Typically, these are areas with low

structural signal intensity. However, in laser micromachining, it is important to dis-

tinguish between regions of zero velocity and low structural signal intensity, thus the

latter is mapped to a different value in this work for differentiation (a value just less

than the lower bound of the Doppler range).

Applying a structural signal intensity mask and not applying a temporal averaging

mask are chosen processing techniques for the purpose of understanding Doppler M-

mode images of laser machining. To the author’s best knowledge, this is the first time

Doppler M-mode images are interpreted this way.

To test the customized Doppler processing algorithm, M-mode images with 1000 A-

lines are simulated from two perfectly reflecting mirrors in the sample and reference

arms starting with a 100 �m optical path length difference. The imaging source

and the detector are modeled after the IR system with the same centre wavelength

(�0 = 1320 nm), bandwidth (Δ� = 70 nm FWHM), and mean spectral spac-

ing at the detector (�� = 0.24 nm). In the first case (Figures 4.9(ai) structural

and (aii) Doppler M-mode images), both mirrors remain stationary and the interface

remains at the same depth. Note that the color scale maps pixels with zero displace-

ment to white while all other pixels are black. Black is reserved for pixels from the

structural image below a set structural signal intensity threshold and applied as a
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mask over the Doppler M-mode frame. In the second case, (Figures 4.9(bi) structural

and (bii) Doppler M-mode images) the sample arm mirror moves away at a constant

rate of -329 nm/A-line. As expected, the interface in the structural M-mode image

descends linearly to a depth of 429 �m and in the Doppler M-mode, the pixels at

the mirror interface are mapped to the color red (chosen by convention) with their

values being -329 nm. Red is chosen to indicate negative displacements, or when a

sample interface is increasing path length difference (moving away) with respect to

the reference mirror. It follows that blue is chosen for positive displacements when

the sample interface decreases in path length difference. However, in the last case of

simulation (Figures 4.9(ci) structural and (cii) Doppler M-mode images), the sample

mirror moves away at a constant rate of -331 nm/A-line, outside the Doppler range.

While the structural M-mode image looks similar to (bi), the Doppler M-mode image

becomes aliased, displaying values of +329 nm. Thus, if an interface moves slightly

more than �0/4 between adjacent A-lines, it will be wrapped back to the opposite

end of the Doppler signal range.

As a measure of stability in both IR and NIR systems, the Doppler signal is

measured from a static interface (with 5000 samples) and their distributions are shown

in Figure 4.10. The FWHM of the IR and NIR systems are measured to be 7.10 nm

and 1.99 nm, respectively. As seen, the distribution is narrower for the NIR system

because the Si camera can acquire A-lines at a faster rate (300 kHz compared to

24 kHz on the IR system). Therefore, the precision of Doppler measurement is higher

for the IR system, but since the NIR system operates at a longer wavelength, it has a

larger Doppler range. It should be noted that the width of these distributions is not

only affected by statistical variation, but also relative movement between reference
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Figure 4.9: Simulated M-mode images of a perfect reflector at (a) zero velocity (b) constant v = -
329 nm/A-line and (c) constant v = - 331 nm/A-line (aliased). Structural images on left (i) and
Doppler images on right (ii).

and sample mirrors.

To test the applicability of Doppler processing to micromachining M-mode im-

ages, picosecond pulses (Ekspla PL10100, 0.686 �J/pulse, 9 ps pulse duration at

50 kHz repetition rate) are applied to stainless steel and imaged at a 300 kHz line

rate using the NIR imaging system. With low energy pulses, the amount of material

removal per pulse is small (∼24 nm/pulse) with little relaxation dynamics between

picosecond pulses in order to prevent aliasing in the Doppler signal (with a range

of [-201 nm, +201 nm]). The resulting structural M-mode image is shown in Fig-

ure 4.11(a), where machining laser exposure is terminated after 847 �J of incident
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Figure 4.10: Doppler displacement distribution of a static interface (5000 samples) measured using
(a) InGaAs camera at 24 kHz and (b) Si camera at 300 kHz.

energy.

With the top air-steel interface (at ∼300 �m optical depth) remaining bright over

the entire frame, it indicates that the imaging beam spot (which is larger than the

machining beam spot) is larger than the diameter of the resulting hole. Furthermore,

the diameter of the hole could be smaller than the machining beam spot considering

its low pulse energy and Gaussian profile, where only the central lobe may be over

the threshold for ablation. With such a narrow diameter hole, there is sufficient

reflection from the tails of the Gaussian imaging spot (on the top surface of the

steel sample) to interfere with the reflections coming the centre of the spot (from the

bottom of the hole) causing autocorrelation in the M-mode image (see section 2.4.1).

The autocorrelation signal is observed at the top of the M-mode image, where the

top steel surface acts as a reference path delay to the bottom of the hole. This

demonstrates that it is possible to achieve ICI to monitor micromachining without

a reference arm, using the autocorrelation signal from a single-arm interferometer,

which would be more economical and less complex to implement.



CHAPTER 4. INDUSTRIAL MATERIALS AND APPLICATIONS 55

Figure 4.11: (a) Structural and (b) Doppler M-mode image of 304 stainless steel machined using
9.4 ps duration pulses at 0.686 �J/pulse. The low pulse energy allows for slight material removal
per pulse to avoid aliasing in the Doppler signal. Data collected with assistance from Joe Yu and
analyzed by author.
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The corresponding Doppler M-mode image is shown in Figure 4.11(b), without

a structural signal intensity mask. This shows that the Doppler signal is incoherent

in regions with insufficient structural signal intensity, or equivalently, no spectral fre-

quency information exists in the interferogram corresponding to those depths. This

incoherent signal can be distracting, thus by applying structural intensity threshold

mask on top of the Doppler M-mode image, the region of interest can be better ob-

served. Figure 4.12(a) shows a segment of Figure 4.11(b) with a structural intensity

mask applied, mapping all pixels below threshold to the color black. In addition, a

ceiling and floor function are applied to the Doppler displacement signal before the

structural mask at ±50 nm to improve contrast in the region of interest, where dis-

placements/velocities are close to zero (white pixels). Machining laser pulses are ap-

plied at 50 kHz and imaged at 300 kHz, or sampling at 6 A-lines/pulse, as shown in the

timing diagram (Figure 4.13), created from oscilloscope (Tektronix DPO3034) traces

of a the TTL signal controlling line camera integration and a photodiode (Thorlabs

DET36A) directed at the sample to measure reflections from the arrival of machining

pulses onto the sample. Note that the photodiode signal cannot depict the width of

the machining pulse due to its electronic bandwidth but serves as a indicator for when

the pulse interacts with the sample. The naming convention for the different phases of

the machining cycle is given separately for structural and Doppler signals. Structural

A-lines correspond to the number scheme ((1) - (6)) matched to camera integrations

(or the acquisition of interferograms). Note that for a given pulse of interest, there

is a camera trigger delay of 2.51 ± 0.02 �s before phase (1). Moreover, phase (6) is

integrated while the next machining pulse impinges the sample. The Doppler A-lines

are denoted by letters ((A) - (F)), which correspond to the differential measurements
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between structural A-lines.

Figure 4.12: (a) Segment of Doppler M-mode image in Figure 4.11 with structural intensity mask
with magnified insets (bi) during and (bii) after machining laser exposure

The segment in Figure 4.12(a) is chosen at the end of the machining pulse train

(847 �J incident energy), providing contrast between the periodic behaviour of per-

cussion drilling and static nature after laser exposure is terminated. Signal between

the top and bottom of the hole is slightly incoherent, but with all values close to

zero. This is probably due to having appreciable signal (above the structural inten-

sity mask threshold), but not as strong as those from the top and bottom of the hole

(e.g., the sidewall could be steep). Thus, the relative noise on those spectral frequen-

cies is higher causing the appearance of a slightly incoherent signal. Even after the

machining laser is turned off (to the right of 847 �J), the level of incoherence does

not greatly change (Figure 4.12(bii)). By contrast, the top and bottom of the hole

show almost zero displacement (white pixels) as those interfaces remain static after

the machining pulse train is complete.
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By analyzing the periodic behaviour of each machining pulse (Figure 4.12(bi)), it

is seen at that the bottom of the hole during phase (A) (measured the most immediate

after the pulse is delivered to the sample) is the deepest shade of red, indicating the

largest change in Doppler displacement in the downward direction. This is most

likely associated with material being removed from the bottom of the hole causing

the sample to move away. At depths near the top of the hole, phase (A) is a light

shade of blue, indicating slight displacement in the upward direction. Subsequent

displacements (phases (B) - (F)) continue in the downward direction, both at the

top and bottom of the hole. Since this appears to be common-mode behaviour,

it is possible that the relaxation is due to the bulk motion of the sample. The

asymmetry between the top and bottom of the hole is interesting; perhaps common-

mode behaviour also occurs during phase (A), but is masked at the bottom of the

hole due to material removal. Alternatively, it could be due to recasted material

building on the top surface and/or upper sidewall (similar to that observed in silicon

as discussed in section 4.3). Interpretation of this asymmetry can be due to any (or

a combination) of the above explanations and merits further investigation.

To test the accuracy of displacements measured using Doppler processing, com-

ponents measured at the bottom of the hole are summed over the cut to give a total

displacement of −31.6 ±0.1 �m (or a hole depth of +31.6 ±0.1 �m). The bottom of

the hole is defined by a linear function superimposed onto the structural M-mode as

shown in cyan on Figure 4.14. A linear function is chosen because there is not enough

SNR at the bottom of the hole to use the interface tracking algorithm described ear-

lier in section 4.2. For short pulsed ablation, a linear approximation should be quite

good (similar to Figure 4.2(b)). The Doppler displacement values are averaged over
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Figure 4.13: Oscilloscope traces of the TTL function controlling line camera integration and
a photodiode detecting reflection from the sample when the machining pulse interacts with the
sample. Note that the photodiode trace does not represent the width of the machining pulse, but
just indicates the time of arrival of the pulse. Data collected with assistance from Joe Yu and
analyzed by author.

a depth window of ± 1 pixel about the linear function. Uncertainty is estimated

from the standard deviation of the distribution shown in Figure 4.10(b) and added

in quadrature for every pixel summed.

The relaxation behaviour can be seen in Figure 4.15, where the Doppler displace-

ment measured at the bottom of the hole (as described above) are separated into

Doppler signal phases (A) - (F) as defined in Figure 4.13. Note that phase (A) has

the distribution with the lowest mean, indicating that the most significant portion of

material removal occurs most immediately after the pulse interacts with the sample.

Over time, the distributions get narrower with their means moving closer to zero,

showing the system approaching a relaxed state. In phase (F), the distribution be-

gins to widen again since phase (6) of the structural signal is integrated while the
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Figure 4.14: Structural M-mode from Figure 4.11(a) with overlaid linear piecewise functions show-
ing the (green) top and (cyan) bottom of the hole.

next machining pulse impinges the sample.

Having the widest distribution indicates that phase (A) is the most unstable part

of the machining cycle. Its width is probably not due to noise considering the narrower

distribution width on a static interface (Figure 4.10(b)). Since part of the distribution

is positive, it also suggests that after some machining pulses, the bottom of the hole

may slightly move upward. Moreover, the bottom of the hole is most likely not

completely flat (especially with a Gaussian profile machining beam) over the depths

of the pixels chosen to represent the bottom of the hole. Perhaps variation in the

transverse dimensions represented by those pixels change geometry, leading to a net

upward displacement.

As a comparison, the depth of the hole is also measured by calculating the dif-

ference in centroid depths using Gaussian fits on the 5th and 8000th structural A-line

in Figure 4.16, corresponding to the start and finish of machining, respectively. The

hole depth calculated from centroid difference (b2 − a1) is 32.1 ± 0.7 �m, which
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Figure 4.15: Distribution of Doppler displacements sampled from the bottom of the hole during
the cut, separated by Doppler signal phases (A) - (F) from Figure 4.13.

is within a standard deviation of the depth calculated from summing Doppler com-

ponents. Uncertainty for centroids comes from the 95% confidence intervals on the

Gaussian fits applied and added in quadrature for uncertainty in hole depth.

In addition, it is seen that a1 and b1 are at similar depths, separated by 0.9± 0.6 �m,

indicating that the top surface does not move greatly (with respect to the reference

mirror). As a comparison to Doppler signal, the total displacement summed along

the top of the hole (as defined by the green line in Figure 4.14) is found to be

−3.89 ± 0.1 �m, which does not agree as well as the hole bottom case, although it is

still smaller than the axial resolution of the system.

There are some shortcomings of Doppler processing of M-mode images for mi-

cromachining applications. First, it is only valid over a small range before aliasing

occurs. Moreover, its precision is dependent on the defined region of interest. For
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Figure 4.16: Gaussian fits applied about the linear piecewise functions from Figure 4.14 on the
(a) 5th and (b) 8000th A-line to determine final hole depth.

example, the variation in total displacement when averaging over a different window

of pixels in the axial dimension (as opposed to the ± 1 pixel used earlier) is higher

compared to the statistical uncertainty from the distribution of Doppler displace-

ments on a static interface. Furthermore, it may be difficult to use interface tracking

algorithms (such is the case here) in order to locate the bottom of the hole for Doppler

analysis. However, if these problems are overcome, Doppler processing provides much

higher depth resolution by accessing the phase information of the interferogram. This

metrology could lead to a structural image with 1 mm field of view and 1 nm accuracy
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from Doppler analysis: a depth measurement with 106 dynamic range, which is much

higher than conventional imaging techniques.



Chapter 5

Image-Guided Ablation in Hard

Tissue

Ablation in hard tissue for biomedical applications such as surgical intervention

presents a new challenge because of sample heterogeneity. The goal is to cut through

the hard tissue, such as bone, while preserving organs at risk below the cut. Since

ICI can anticipate when the bottom of the cut is approaching subsurface structures,

the M-mode images provide feedback in order to control the ablation process. Here,

it is shown that machining laser exposure can be terminated before perforation into

a naturally occurring inclusion, sparing a thin layer of bone [75].

5.1 Sample preparation

As a simple model system of bone, desiccated bovine rib bones were cut in cross-

section to centimetres width (Figure 5.1). For the experiments using natural inclu-

sions in the cancellous (or spongy) bone as target interfaces, the cortical (or dense)

64
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bone layer was prepared by grinding from the top using up to 1200 grit silicon carbide

(SiC) sandpaper to within hundreds of micrometres of the cortical/cancellous bone

boundary.

Figure 5.1: Photograph of typical bovine rib bone sample showing cortical and cancellous bone
regions.

5.2 M-mode images of hard tissue ablation

Figure 5.2 shows a typical M-mode image, in which the top air-bone interface de-

scends as a function of time (or additional machining pulses) corresponding to a hole

being percussion-drilled into bulk cortical bone using the MOFA nanosecond laser

(0.77 mJ/pulse, 100 ns pulse duration at 30 kHz repetition rate) while being imaged

with the NIR system at a 20 kHz line rate (to prevent extremely large datasets).

Due to low absorption of the ICI light (805 nm) in bone, information about tissue

morphology can be seen below the ablation front as a series of highly scattering

layers (e.g., L2 in Figure 5.2). Stationary subsurface structures appear to rise due to

decreased optical path length, similar to the case shown in Figure 4.7. By contrast,

there is little signal from above the ablation front, indicating the crater diameter

is larger than the transverse width of the ICI beam. As before, the local index of
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Figure 5.2: Typical M-mode image of percussion-drilled hole in cortical bone. The dotted lines
highlight a portion of the cut where the bottom of the crater gets deeper (L1) and closer to a strongly
scattering subsurface bone layer. This subsurface structure appears to rise (L2) due to decreased
optical path length. Figure used with permission from [75]; data collected by Paul Webster and
processed by the author.

refraction can be determined from the ratio of slopes (equation (4.1)), and n in this

case is found to be 1.65 ± 0.05. Past reports of similar tissue show n = 1.57 [76, 77].

The small difference is likely due to tissue composition, which can vary even within

the same bone sample.

In addition, Figure 5.2 shows that material removal in dense bone is approx-

imately linear with additional machining pulses. The ablation rate here is easily

measured (by linear approximation) to be 0.32 ± 0.03 �m/pulse over seven holes

drilled using the same laser parameters. However, initiation of the cutting process is

unpredictable, with the number of machining laser pulses required to begin cutting,
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N , being highly variable. In the case shown for Figure 5.2, onset to material removal

does not occur until after ∼225 ms of machining laser exposure on the bone, or for

N = 6.8 x 103 pulses. In fact, over the same seven holes, the standard deviation of

N is found to be 5 x 103 pulses. Therefore, it should be noted that the ablation rate

measured above is determined after onset to cutting. With such a small standard

deviation on the ablation rate (after onset) and large standard deviation in N , it is

seen that the stochastic nature of the process is actually associated with the variable

N required to initiate cutting.

It is not surprising that a variable number of pulses must be applied before cut-

ting is initiated considering light-tissue interactions around 1064 nm. Forrer et al.

states that the initially absorbed laser energy is lost to heat conduction in the sur-

rounding material until carbonization [59]. Ivanenko et al. also describes ablation

to begin with carbonization of the tissue, which initializes a necessary increase in its

optical absorption [62]. The M-mode images agree with this description by showing

that the stochastic (unpredictable onset to cutting) and deterministic (linear removal

rate) behaviours of ablation in dense bone are sequential. The stochastic behaviour

corresponds to poorly localized absorption and heat dissipation in the sample until

carbonization is initiated. Consequently, the optical absorption of the machining laser

greatly increases leading to deterministic removal rates in dense bone, which can have

small standard deviations for a given set of laser parameters.

5.3 Verification of incision depth

As confirmation of the final crater depth accuracy relative to the bone surface and to

subsurface natural inclusions, standard ex situ brightfield microscopy was performed
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on the corresponding hole cross-sections. Since the holes have high aspect ratio (i.e.,

hole depth > hole width) high resolution surface imaging techniques such as profilom-

etry and atomic force microscopy are not appropriate. Micro-computed tomography

(micro-CT) offers high resolution, non-destructive, 3D volumetric images, but is an

expensive and lengthy process. In addition, traditional decalcification techniques for

standard thin-slice histology may distort the hole geometry.

Therefore ex situ verification was done using an epoxy whole-mount technique,

in which the bulk sample was immersed in epoxy to preserve the hole geometry.

After the epoxy (West System 105 Epoxy Resin and 206 Hardener) was set, the

sample was ground parallel to the beam axis using up to 1200 grit SiC sandpaper and

imaged on a CCD sensor (Motic Moticam 2300) in the digital port of a microscope

(Olympus BH2-UMA). Length scales were calibrated using a Motic calibration slide.

Since this was a destructive method, the sample was iteratively ground and imaged

until the hole depth began to decrease. The centre plane of the hole was assumed to

be represented in the image revealing the deepest hole depth (due to the Gaussian

machining beam profile). Thus, the microscopy reveals not only the hole cross-section,

but the posterior half of the crater wall as well. This technique is commonly practiced

in materials science [78].

Figure 5.3 compares an M-mode image and standard brightfield microscopy of

an epoxy-filled crater (using the QCW laser with 3.12 mJ/pulse, 50 �s pulse dura-

tion at 2 kHz repetition rate) to verify the accuracy of incision depths. The images

have the depth of top surface matched (single-headed arrows) and show good corre-

spondence of final incision depth (double-headed arrow). In the M-mode image, the

brightest interface comes from the top of the sample before any laser exposure (i.e.,
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to the left of 0 mJ incident energy) whereas the bottom of the hole (about 500 �m

deep) corresponds to the strong interface that persists indefinitely after the exposure

is terminated, to the right of 312 mJ incident energy. Over 14 holes, the standard

deviation of the differences between the final crater depth in ICI versus brightfield

microscopy is 14 �m. This variation is mostly due to imperfections in the grinding

process, namely the ability to grind to the centre plane accurately, as well as par-

allelism between the grinding plane and beam axis. Here, the M-mode images are

acquired at a 300 kHz line rate, but downsampled by a factor of 30 for ease of viewing

since very little dynamics are observed during or after the machining pulses. Before

machining exposure, there appears to be backscatter from depths above the top bone

surface (brightest interface), which could be due autocorrelation between the subsur-

face morphology, or side lobes from the FFT of a non-ideal Gaussian source spectrum

even with spectral shaping (see section 2.4.2). However, after cutting is initiated, the

surface roughness changes causing less backscattered light from the surface to couple

back into the fibre leading to the spectrometer. Moreover, less light interacts with

the subsurface layers. Consequently, side lobes from the primary air-bone interface

and autocorrelation from the subsurface morphology are suppressed.

Prior to applying epoxy, brightfield microscopy of the top surface around a hole

created using the QCW laser (same parameters as those used in Figure 5.3) is shown

in Figure 5.4. Evidence of heat-affected zones include the ring of carbonized (black

and brown) tissue and recrystallized mineral component (also seen in Figure 5.3(b)).

In addition, the ICI beam spot is overlaid onto the image to show that the former

is narrower than the diameter of the hole entrance. In M-mode images such as Fig-

ure 5.3(a), as the hole is drilled, there is reduction in backscatter from sidewalls above
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Figure 5.3: Corresponding (a) M-mode image with (b) brightfield microscopy of the epoxy-filled
hole, showing good agreement of initial and final depths as denoted by the arrows. ET indicates
when laser exposure was terminated. Scale bars are 100 �m. Figure used with permission from [75].

the ablation front (to the left of ∼100 mJ) showing that hole begins as a narrow chan-

nel before broadening as additional machining pulses are applied (similarly described

in section 4.3). This tapering effect is confirmed by the brightfield microscopy from

Figure 5.3(b).

5.4 Feedback control to prevent perforation

With accurate depth information and subsurface monitoring available in real-time

from ICI, the operator is able to control the incision depth and determine when the

bottom of the hole is approaching a subsurface structure. More specifically, M-mode

images can be used as feedback to terminate laser exposure before perforating into

a naturally occurring inclusion in the cancellous bone, leaving a thin layer of bone

behind.



CHAPTER 5. IMAGE-GUIDED ABLATION IN HARD TISSUE 71

Figure 5.4: Brightfield microscopy of the top surface around a hole drilled in bone. ICI beam spot
overlaid using a white dashed line.

By contrast, when feedback is not applied, the incision will continue into an in-

clusion (Figures 5.5(a) and 5.5(b)). The M-mode image in Figure 5.5(a) shows that

once cutting is initiated (after ∼1250 mJ incident energy), the optical path length to

the top of the inclusion decreases as highlighted by BA, or bone-air interface. The

corresponding microscopy of the hole is shown in Figure 5.5(b) (cut using the same

laser parameters as Figure 5.3). The point of perforation occurs after ∼1450 mJ of in-

cident energy, when the descending ablation front intersects the apparently ascending

BA interface. At this point, the bottom air-bone interface is revealed. While addi-

tional laser pulses are applied to the bottom of the inclusion, they are not enough to

reinitiate cutting in the virgin bone and after ∼1550 mJ of incident laser energy, the

machining laser exposure is discontinued with the bottom interface remaining static.

Therefore, in cancellous bone, even after initial onset, the material removal rate is

not necessarily linear because the ablation front may perforate into an inclusion and

require carbonization of the virgin tissue below before cutting can continue. This can
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drastically change the tissue removal rate for a given set of laser parameters, thus em-

phasizing the need for real-time in situ imaging. ICI does not make any assumptions

about repeatability of the ablation process, especially in a heterogeneous material like

cancellous bone.

In the demonstration of feedback control to stop drilling before perforating into

an inclusion, (using the QCW laser with 6.6 mJ/pulse, 100 �s pulse duration at 1 kHz

repetition rate) after ∼200 mJ of sample exposure, the BA interface becomes visible

in the M-mode image (Figure 5.5(c)). In this case, exposure is terminated (ET in

Figure 5.5(c)) at 312 mJ of incident energy, before the ablation front intersects the

BA interface. After this point, both interfaces persist indefinitely with time at the

same depths separated by an optical path difference of 78 �m (or ∼50 �m true bone

thickness), which agrees with microscopy (Figure 5.5(d)). As a measure of sensitivity,

the imaging system is able to detect the BA interface 176 ± 8 �m from the bottom

of the hole with signal intensity at 9 ± 2 dB above the noise floor. This is calculated

from the difference between Gaussian centroid fits about the two interfaces. The

true spared bone thickness is calculated from the local index of refraction on the

same frame using the relative slopes of descending machining front and apparently

ascending BA interface. Thus, by using the M-mode images as feedback, the operator

is able to spare a ∼50 �m thin layer of bone.

5.5 Deeper image penetration

Up to this point, percussion-drilled holes in bone have been surrounded by black/brown

regions indicating thermal damage (see brightfield microscopy in Figures 5.3(b),

5.5(b), and 5.5(d)). While carbonization of tissue can be beneficial in cauterizing
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Figure 5.5: (a) M-mode image with corresponding (b) brightfield microscopy of incision that
perforates into a natural inclusion in the cancellous bone. (c) The M-mode image is used to guide
the cut and terminate exposure at 50 �m before perforation into another subsurface structure as
verified in (d) the matching microscopy. BA is the apparently rising, top bone-air interface of the
inclusions and ET indicates when laser exposure was terminated. Scale bars are 100 �m. Figure
used with permission from [75].
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blood vessels, it is often considered as undesirable collateral damage when the surgeon

is working around sensitive tissue. Furthermore, it increases the optical absorption

in the tissue and reduces the penetration depth of imaging light and sensitivity to

subsurface features. Thus, to further decrease the thermal load and subsequent car-

bonization, picosecond pulses are applied (Ekspla PL10100, 25 �J/pulse, 9 ps pulse

duration at 50 kHz repetition rate) and scanned across unpolished cortical bone to

spread the energy over a larger area. The X-Y mirror galvanometers are programmed

to create a square well moving the machining beam on a fast axis at 0.56 m/s (with

69% spatial overlap between consecutive pulses) and on a slow axis at 0.56 mm/s.

After 36 repetitions on the slow axis, a 600 �m deep square well is created (inset of

Figure 5.6). With reduced thermal load, the square well does not show signs of car-

bonization or recrystallization of the mineral component. The signal roll-off profile

(from the underlying bone morphology without any inclusions) for non-carbonized

tissue at the bottom of such a square well is compared to that for heavily carbonized

tissue (Figure 5.6), where subsurface features are obscured showing that the amount

of carbonization is important for image penetration depth. The amount of carboniza-

tion observed in Figures 5.2, 5.3, and 5.5 is not as severe as that shown for Figure 5.6

(solid circles). Therefore, it is still possible to image subsurface structures in the

presence of carbonization, but such features will not appear as bright as in the case

of non-carbonized tissue.

Another possible method of deeper subsurface imaging is by using the IR system.

In the absence of water, the penetration depth of desiccated bone using 1320 nm light

is greater than that for 805 nm. Figure 5.7 shows an M-mode image of percussion

drilling using the Ekspla laser (130 �J/pulse, 9 ps pulse duration at 50 kHz repetition
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Figure 5.6: Signal roll-off profile comparison for heavily carbonized (solid circles) and non-
carbonized (hollow squares) tissue. The profile for non-carbonized tissue is sampled from the bottom
of a square well etched into cortical bone using 9 ps duration pulses similar to that shown in the
inset. Figure used with permission from [75]; data for image in inset collected with assistance from
Joe Yu; data for roll-off profiles collected with assistance from Paul Webster; all data analyzed by
author.

rate), acquired at a 10 kHz line rate. Even before any machining laser exposure (to the

left of 0 �J incident energy), there is a brightly reflecting structure at 390 �m optical

depth below the surface (or ∼250 �m true depth). As the ablation front descends with

additional machining pulses, the subsurface interface apparently rises due to decreased

optical path length and intersects the ablation front at ∼20 �J of incident energy at

the point of perforation. The bottom of the structure is immediately revealed after

perforation from the top and drilling continues at a similar rate as before without

any additional delay. In all cases of percussion drilling using 9 ps pulses, cutting

begins as soon as the sample is exposed to the machining laser (i.e., N = 0 pulses).

Therefore, it is not surprising that the cut reinitiates immediately at the bottom of the

subsurface structure in Figure 5.7 and a similar rate as achieved before perforation.
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It should be noted that holes drilled using these laser parameters still carbonize the

tissue because the pulse energy is much higher than required for drilling in bone. In

fact, the peak intensity is high enough to observe induced ionization in air. Therefore,

in the presence of carbonization and plasma from ionized air, the image penetration

depth after cutting begins is still greatly reduced.

Figure 5.7: M-mode image of percussion drilling in desiccated bone using 9 ps pulses and imaged
using the IR system for better penetration. Perforation into a subsurface structure is followed by
immediate reinitiation of cutting below.

In the case of percussion drilling using the Ekspla laser at lower pulse energy

(without subsequent carbonization or air plasma), the resulting hole diameter is much

smaller than the transverse width of the ICI beam. Thus, the backscatter from the

bottom of the hole is greatly reduced and also masked by backscatter from tissue

interacting with the tails of the ICI Gaussian beam around the periphery of the hole.

In the future, an improvement to the optics can provide either a larger machining-

or smaller imaging beam spot, which would allow further investigation of the image

penetration depth of non-carbonized tissue in a percussion-drilled hole.
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While ablation without carbonization is achieved with short pulsed lasers, sim-

ilar results can be accomplished with more commonly used Er:YAG (2.94 �m) or

CO2 (9.6 �m or 10.6 �m) lasers, operating at wavelengths with higher absorption in

bone [79, 80]. These lasers could be easily integrated into a similar apparatus using a

dichroic mirror for the appropriate wavelengths. Furthermore, the interoperability of

the system is not limited to the components as described. For example, the imaging

source is chosen out of convenience; however, ICI can be performed using a more

economical, compact and turn-key superluminescent diode (SLD). Altogether, with

the implementation in optical fibre, the system is robust to environmental fluctua-

tions and sufficiently compact to be installed on a cart for future clinical application.

Moreover, many of the components in the apparatus benefit from technological devel-

opments in other industries (e.g., telecommunications and optical imaging) making

them economical and easy to attain. A similar system has been recently implemented

with a total cost of under $9000 USD [81].



Chapter 6

Conclusions and Future Work

In the present work, ICI was shown to provide real-time in situ metrology of laser

micromachining in different materials for both industrial and biomedical applications.

Since laser machining is a complex process that relies on many parameters, exploring

such a vast parameter space can be lengthy and expensive, especially when using tra-

ditional ex situ methods. Without performing tomography (as in SD-OCT), ICI can

provide faster imaging rates to monitor dynamics on microsecond time scales without

losing micrometre axial resolution, high sensitivity, or the ability to simultaneously

resolve structures from multiple sample depths.

In stainless steel, the machining front was easily monitored and revealed very

different dynamic processes achieved in different ablation regimes. Using picosecond

pulses led to more deterministic cutting with little relaxation observed between pulses.

By contrast, periodic melting and refilling of the hole were observed when using higher

energy and longer microsecond pulses. Hole depth information was accessed from M-

mode images by using a customized interface tracking algorithm to improve ease

of gathering data for further statistical analysis. In addition, Doppler processing

78
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techniques were explored to improve depth sensitivity to nanometre length scales.

While yielding similar total displacements compared to Gaussian centroid fitting, the

calculation was dependent on the definition of the region of interest (i.e., at the

bottom of the hole).

For poorly absorbing materials, ICI provided forward-imaging capabilities to ob-

serve features below the surface. This is essential for surgical applications such as

guiding ablation in biological tissue. By monitoring the incision in real-time using

ICI, the operator was able to terminate exposure from the machining laser 50 �m

before perforation into a natural inclusion in cancellous bone. ICI was able to antici-

pate the inclusion 176±8 �m below the ablation front with signal intensity 9 ± 2 dB

above the noise floor. Final incision depths measured in ICI were shown to agree well

with standard brightfield microscopy of the epoxy-filled hole cross-section. Over 14

holes, the standard deviation on the differences between final depth measurements

from these two techniques was 14 �m. Using long (microsecond and nanosecond) ma-

chining pulses, a variable number of pulses had to be applied to initiate carbonization

in the tissue, consequently increasing optical absorption, allowing the laser energy to

be better absorbed into the tissue. Afterward, material removal was approximately

linear with additional laser pulses in dense cortical bone. However, this was not neces-

sarily the case for cancellous bone. Even after initial onset, ablation could have been

stalled by entering an inclusion and not able to continue cutting before reinitiating

carbonization in the virgin tissue at the bottom of the inclusion. This can significantly

change the tissue removal rate for given set of laser parameters, thus emphasizing the

need for real-time in situ imaging. In addition, greater image penetration depth was

achieved using picosecond pulses to avoid tissue carbonization. It was shown that
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non-carbonized tissue could have higher sensitivity to subsurface structure detection.

In the future, further studies can continue in a number of directions. For industrial

process development, in order to map the vast parameter space for various materials

using ICI, initial results must be verified with standard ex situ techniques. Subse-

quent statistical analysis may require more complex interface tracking algorithms.

This is especially important for cases when the SNR at the bottom of the hole is poor

(e.g., when the imaging beam spot is larger than the hole diameter). If nanometre

depth resolution from Doppler processing is desired, the bottom of the hole must be

accurately tracked. In addition, it should be possible to automate feedback control

from ICI to, for example, terminate laser exposure after a target depth in the sample

is reached. In fact, this has already been implemented [81], although the target depth

must be specified a priori ; it is not yet capable of cutting to within a specific distance

of a subsurface target interface. That would require the system to recognize correla-

tions between descending ablation fronts and apparently rising subsurface interfaces.

To achieve this, most of the effort would need to be put into improving the software

speed to recognize subsurface structures (ideally when they are still far away from

the ablation front) and subsequently control the parameters of the machining system.

Furthermore, it may be possible to only use raw interferometric data rather than

A-line data to increase speed (since resampling k and performing FFTs add compu-

tational load). In addition, future experiments should use bone samples hydrated in

saline solution as a better model system before ultimately, in vivo clinical trials. Im-

plementing automated feedback control would be beneficial in hard tissue ablation to

improve the efficiency of surgical intervention. Furthermore, an autonomous system

could make use of a priori information, such as diagnostic MRI and/or CT images,
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combining their large field of view with the much higher resolution of ICI to prepare

the incision to follow complex depth contours in vivo with high precision.
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