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Abstract

In laser materials processing, the direct measurement and characterization of material and process

depth is traditionally a di�cult task. This is particularly di�cult when such information needs

to be obtained in real-time for feedback and dynamic analysis applications. This thesis outlines a

novel method and apparatus for real-time depth measurement during laser processes such as weld-

ing, drilling, cutting and ablation called inline coherent imaging (ICI). The approach borrows the

coherent imaging ideas from the primarily medical �eld of optical coherence tomography and adapts

them to the new application. Without requirements for �awless image quality and limitations on

sample exposure the design is free to emphasize speed in acquisition and processing. Furthermore,

the imaging optics are specialized for compatibility with o�-the-shelf beam delivery systems. Several

generations of the imaging technique and relevant design equations are described and shown and re-

alized. Also described is the design and construction of two laser processing stations used for testing

ICI in macro- and micro-processing applications. A variety of applications for ICI in the understand-

ing of percussion drilling and welding of metals and other industrial materials are discussed. The

imaging technique is further extended to provide manual and fully automatic closed-loop control of

drilling and ablation processes in industrial materials. Finally, some important applications of ICI

in the processing of bone in both open and closed-loop con�gurations are demonstrated.
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collaborated with me on this work. Their contributions have been credited (and referenced) in the

various publications and talks we have disseminated, but some contributions deserve special note

here. The low power welding work was initially performed by Joe Yu and analyzed by Nathan

Ho�man and myself.

Summer undergraduate students under my supervision (most notably Logan Wright, Kevin Mor-
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state its value here.

Except as noted, the �gures, ideas and concepts presented in this thesis are mine. The concept of

Inline Coherent Imaging was originally conceived by me during a discussion with James Fraser. All

of the imaging systems and the vast majority of the other equipment (including the microprocessing

and macroprocessing stations) were designed and constructed by me. In the cases where I was

not physically taking data or analyzing it, the experiments and analysis methods were primarily

conceived by me.

Gary Contant and Charles Hearns have provided valuable advice and fabricated most of the

custom-designed components that are described herein.

It is important to note that three-dimensional (3D) models (the majority of which are shown in

Ch. 3) of many components purchased from companies such as Aerotech, Thorlabs, Laser Mecha-

nisms, Nut�eld and Cambridge Technologies were created by them and were provided to me during

the sales process.
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Chapter 1

Introduction

Lasers are versatile and widely-used material processing tools that remain an area of active research[2]

and are increasingly used as they improve and as demands for new products surpass the capabil-

ities of mechanical tools. Since their �rst industrial introduction in 1963[3], lasers have surpassed

many manufacturing tools that were dominant for hundreds or even thousands of years. Lasers

have provided many bene�ts for macro- and micro-processing industries that have been passed on

to customers. In fact, industry has long boasted to consumers about these capabilities to the extent

that �laser� is commonly used as an adjective, metaphor or simile to indicate precision and speed[4]

regardless of whether or not a laser is actually involved!

This introductory chapter gives context to the importance of laser machining, its observation

and real-time control methods, with an intended audience of non-specialist scientists. I will provide

descriptions of some important processes (e.g. drilling, welding, cutting) that will come up in later

chapters as possible application areas for my imaging and process control technology, which I call

�Inline Coherent Imaging� or �ICI�.

Chapter 2 discusses the relevant background information and literature from the laser processing,

process visualization and coherent imaging �elds. The relative strengths and advantages of existing

imaging systems are compared and the need for a production-relevant depth imaging technique is

identi�ed. Spectrally diverse low-coherence imaging is identi�ed as a potential answer to this need,

and signi�cant background theory and design equations are detailed.

1



CHAPTER 1. INTRODUCTION 2

In Chapter 3, a broad range of the equipment I designed and built is described and shown in

its realized form. The �rst section is a particularly important reference to the various generations

of imaging systems and is referred to frequently in the later chapters. That section is followed by

a similar summary of the machining lasers that were used. The subsequent sections discuss the

imaging systems and processing stations in more detail.

Chapter 4 presents experimental results from using ICI to observe various machining processes

in industrial materials such as stainless steel. Novel dynamics are identi�ed, such as the melt

cycle in microsecond percussion drilling. Key capabilities for automatic image registration are also

described and demonstrated. The section also presents the very �rst observations of ICI in welding

at the micro-scale (with a 100 W �bre laser) and macro-scale (with a 1 kW �bre laser).

One of the ultimate promises of ICI is its capability for practical closed-loop feedback for the

depth aspect of a variety of laser processes. In Chapter 5, these capabilities are demonstrated in

the context of percussion drilling of metals. A key enabler for these capabilities is the streamlined

data processing technique called homodyne �ltering that is outlined in detail in Sec. 5.2. This image

processing technique has the potential to be much faster than conventional approaches and is ca-

pable of providing depth-dependent dispersion mismatch compensation for no additional computing

overhead at the time of execution.

Chapter 6 extends the discussion of the observation and control capabilities of ICI to biological

tissue. When the sample being machined is transparent to the imaging light, ICI is able to sense

not only the depth penetrated by the laser, but the remaining amount of material as well. This is

a key capability for enabling laser surgery above sensitive tissues since often the exact amount of

material to be removed cannot practically be obtained a priori.

Finally, in Chapter 7, the main �ndings of my work are summarized and a future outlook for the

technology is discussed.

While laser processing apparatus can be extremely complex, the basic function of all laser pro-

cessing is derived from the con�nement of light-matter interactions and subsequent energy �ow in

both space and time. Nearly all of the bene�ts of laser processing can be traced directly to the skillful

engineering of this con�nement. It is unsurprising, then, that improving this has historically yielded

subsequent extension of the capabilities and bene�ts of laser tools. This is perhaps most recently
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demonstrated by the emerging application of ultrashort pulses. This approach has increased our

control of the temporal energy con�nement down to femtoseconds, enabling material ablation with

very little collateral damage or heat deposition[5, 6]. These capabilities for temporal con�nement

have garnered considerable attention in the last decade or so, but spatial control, and in particular

transverse1 spatial control, remains the classic enabler of optical material processing. Indeed, lasers'

high spatial coherence are one of their primary features. Transverse energy con�nement and material

modi�cation by focusing light are practiced by multitudes, from young children (to the detriment

of many insects) to �lm photographers and, of course, the majority of laser processing engineers.

In the manufacturing and surgical industries, it is most commonly achieved by harnessing the high

spatial quality for which laser light is known, allowing optical energy to be concentrated onto the

material in small spots (focused e−2 intensity diameters2 on the order of 5-500 µm are commonly

achieved). However, complete spatial control of energy con�nement requires consideration of the

axial dimension as well. Left undisturbed, light travels inde�nitely and the axial length of the focal

volume is usually many times longer than the focal diameter. Therefore, con�nement in the axial

dimension is naturally poorer than the transverse. Addressing this weakness and improving depth

con�nement presents great opportunities for improving laser processes on the whole.

It is recognized that material absorption provides a degree of con�nement in the axial direction,

but material geometry and absorption can be dynamic, and so the true axial con�nement in a real

process cannot be accurately characterized through calculations as simple as absorption lengths.

Asserting complete and dynamic engineering control over the material is di�cult and, in many cases,

impossible. Furthermore, the potential for reducing input costs through the use of less expensive

and more coarsely prepared feedstock and increasing demands on material performance in �nal

products both tend to drive development further away from materials that are carefully tailored to

the manufacturing process itself[7]. Subsequently, the axial con�nement question is best addressed

by improving the optical system.

Solutions to the problem lie in two general categories: passive understanding and active control.

Understanding how materials respond to laser modi�cation gives an indication as to where and how

1De�ned here as the direction transverse to the laser beam axis which is typically the normal of the material
surface.

2i.e. the width of the circle centered on the beam at which the intensity has decreased to e−2 of the peak at the
center.
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accurately the material interface can be located at a given point in time. Once this is known, true

axial con�nement of the optical energy is much easier to achieve. This knowledge is developed from

experiment. One performs a trial process, analyzes the outcome and uses the results to predict future

outcomes. Dynamical measurements taken during the process and analyzed later can also provide

a more direct understanding, as they require less inference to relate them to what is occurring.

Improved understanding can lead to improved process design, but this will always be limited by the

predictability of whatever aspect one is analyzing. However, once a dynamical measurement can be

analyzed in real-time, then it becomes possible in principle to exert active, closed-loop control over

the process. Such a capability is extremely powerful and has been recently described as an �elusive

goal� [8] in the context of the axial con�nement question.

Improving the understanding and enabling real-time control of laser processes are the central

aims of the work presented in this thesis. What is common to both is the need for depth vision of

the process. It is my belief that the tools I have developed are the only current methods for gaining

depth vision in a way that is consistent with the restrictions present in a production environment.

It is important to brie�y de�ne the three kinds of laser-material processes with which a reader new

to the �eld should be familiar with in order to understand the signi�cance of this work to the broader

public. The �rst and most common application for lasers in the material processing industry is laser

cutting. This can be done at large (> 25 mm thickness of steel, > 50 mm thickness reinforced

concrete in some extreme examples) and very small (wafer dicing, micro-machining) scales, with

average powers ranging from a few milliwatts to 50 kW and above. Macro-processing examples can be

found throughout the transportation industry, including aerospace and automotive manufacturing.

Lower power work is typically seen in medical device and microelectronics industries. In all cases,

the role of the laser is to erode material along a plane in order to sever or partially sever one piece of

material from another. In most cases of macro-processing metals, the laser is typically used as a heat

source and a co-axial stream of high-pressure gas provides the mechanical (and sometimes chemical)

e�ect to blow away liquid material. In other cases, laser cutters burn or otherwise vapourize the

material being removed. In cases where assist gas plays an important role in material, the geometry

of the solid material can have a drastic e�ect on the �ow pattern of the gas. Thus, it is usually

very important to allow enough time for a laser beam to �rst pierce a plate before feeding material,
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so that liquid metal is blown out the bottom of the part rather than somewhere else. Additionally,

beginning material feed before proper piercing has occurred can result in strong re�ections being

fed back into the machining laser and optics that can cause expensive damage. For these reasons,

process designers allow signi�cant amounts of time for piercing. An online observation and control

system that could successfully monitor material piercing could provide signi�cant cost/time savings.

Laser drilling is another erosive process widely used process in the microelectronics and aerospace

industries. It di�ers from cutting in that laser beam is typically not moved relative to the material

while turned on. For microelectronics applications, a challenging problem is that of quickly and

accurately drilling through ever smaller layers of printed circuit boards to create the VIAs (vertical

integrated access) that are used to connect various electrical components. Here, successive conductive

and non-conductive layers are pierced up until a particular point that must be protected from the

drilling laser. Similarly, in the fabrication of aerospace engines, many thousands of holes are laser-

drilled in order to provide insulation between engine parts and the hot gases downstream of the

combustor. These holes must be carefully drilled into hollow parts so that no laser pulses are

allowed to strike the back wall surfaces. Without knowing the depth that the process has reached,

this can be very di�cult to do precisely and consequently many economic sacri�ces are made. Depth

control would have substantial bene�ts in both of these applications.

Laser welding is used widely in transportation, medical device manufacturing, electronics and

many other �elds. The distinction between shallow (conduction) welding and deep (keyhole) welding

is explored in detail in the next chapter, but the latter is far more common. As a non-erosive process,

much of the space/material that was active during the process is covered with metal after it is over.

This presents a signi�cant problem for con�rming that a weld is sound. The industry standard is

destructive cross-sectioning during process development and addtional destructive sampling during

production. As base metal billets for certain aerospace engine components (e.g. single-crystal

turbine blades) can cost tens of thousands of dollars before any time or money has been spent on

shaping them, requirements for destructive testing can cause costs to mount rapidly. Furthermore,

destructive sectioning can be very di�cult to properly align and inherently provides a limited view

of the process. A depth measurement method that can look into the welding zone and directly

measure it in real-time could be a signi�cant improvement.
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Though the diversity of laser applications that I have just described demands a �exible approach

to process diagnostics, virtually all of them have in common a depth aspect that is co-axial to the

machining beam. ICI's approach of following the path of the machining beam into the feature that

is being created is therefore very well suited to virtually any process; if the machining beam can

reach the feature, then so might the imaging beam. The remainder of this thesis describes a small

subset of this diversity of applications. It will take many years to fully realize and test ICI for all of

its potential uses.



Chapter 2

Background & Theory

This chapter gives speci�c technical background on laser materials processing theory, process moni-

toring and control techniques and, in particular, coherent imaging theory. The discussion of literature

references and elements of theory will facilitate a technically skilled reader's understanding and ap-

preciation of the thesis. In the �rst section, the basic physics and associated models behind the

light-matter interaction are discussed. The next section describes some of the recent attempts at

real-time process imaging. Lastly, the third and �nal section explains the theory behind spectral

domain coherent imaging and all of the design equations required for a reader to build their own

systems.

2.1 Laser processing methods

This section is a brief overview of some of the material processing methods that employ lasers. I

focus on thermal laser machining in metals, as so far it has yielded the most interesting dynamics

that I have studied with ICI and the widest range of potential industrial applications. Ultrafast

(also called �athermal� or �cold�) laser machining is also of importance to show contrast between the

kinds of dynamics one is able to observe and as an emerging industry for the future.

When a laser beam is focused to intensities on the order of < 105 W/cm2 and directed onto a

metal target, absorption occurs over a short skin depth of a few nanometers via inverse Bremsstrahlung[9].

7
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Figure 2.1: Schematic diagram of laser induced heat conduction, liquefaction and vapourization.
The creation of vapour is critical for material removal and deeper penetration into the material.

As the electrons rapidly thermalize over timescales of 10-100 fs, they transfer their heat to the lat-

tice. Thermal conduction then spreads the heat from the laser interaction zone (LIZ) outwards into

the bulk. Depending on the material characteristics, and particularly with absorbed intensities on

the order of < 106 W/cm2, rapid liquefaction and vapourization occur as depicted schematically in

Fig. 2.1. As the expanding metal vapour accelerates away from the LIZ, it exerts a so-called �recoil

pressure� [10] that, in addition to the vapour pressure, acts on the underlying liquid layer to drive

liquid metal �ow out of the hole away from the LIZ. It is these mass loss mechanisms that result in

the change of morphology that we call laser drilling.

Another important force that a�ects the process is surface tension. The pressure induced by

surface tension scales inversely with radius of curvature, and so it tends to oppose the vapour and

recoil pressures. When the laser beam turns o�, vapourization ceases and the surface tension drives

liquid back into the hole as shown in Fig. 2.2. Notably, hydrostatic pressure is typically several orders

of magnitude smaller than the other forces and so it is neglected in most models. Our experiments

with unassisted laser drilling support this assumption.

In addition to percussion drilling, laser welding [11] is another important process where ICI may

have signi�cant bene�t. In these processes, the material's response to the laser's energy is more

complicated because much of the symmetry from the drilling problem is lost when the welding beam



CHAPTER 2. BACKGROUND & THEORY 9

Figure 2.2: Schematic diagram of the relaxation phase of the melt cycle. After vapour/recoil pressure
ceases to hold back the melt pool, surface tension drives the liquid to �ll the hole.

traverses the material. The basic goal of welding is to thermally liquefy portions of material without

causing signi�cant material removal so that, as they cool, the molten regions fuse together and bond.

Laser conduction welding utilizes the laser intensities on the order of 105 W/cm2 as a simple surface

heat source. After being absorbed at the surface, the energy is conducted into the material. In this

way, the material can be melted to some maximum depth that depends on the available laser power,

material properties, and feedrate. Additionally, the melted zone will tend to be considerably larger

than the beam radius. In many cases, this may be acceptable, but where deeper welds with higher

aspect ratios are required, laser �keyhole� welding is used instead. In keyhole welding, a more intense

laser beam (∼106 W/cm2) opens a vapour channel [12] (also called a capillary or �keyhole�) into the

bulk of the material, allowing the beam to penetrate the virgin surface and deliver its energy deeper

into the material (e.g. see Fig. 2.3). Though keyhole welding uses higher intensities than conduction

welding in order to open the capillary, it is typically less than what is required for material removal

(drilling).

While keyhole welding can provide important bene�ts, it is more di�cult to achieve stable and

high quality results due to the sensitive and turbulent nature of the keyhole. Keyhole instability

can result in defects such as porosity, inconsistent seam depths and/or surface ripples [13] (so-called
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Figure 2.3: Schematic diagram of laser welding and common defects. Recoil pressure from vapor-
ization creates a vapour channel that allows the laser to penetrate deeply into the metal and crate
weld aspect ratios greater than 1. Conduction-only welding, by contrast, would have aspect ratios
less than one in simple geometries.

�humping�) as shown in Fig. 2.3 if there are �uctuations in the laser power, motion speed or material

geometry, or if the process is not properly designed. The turbulence and instability are driven in

part by Marangoni convection[14, 15]; surface tension is temperature dependent and so temperature

gradients cause pressure gradients that drive �ow. As in drilling, observing dynamics deep inside the

hole (such as keyhole instability) is a prerequisite to overcoming the resulting defects. Ultimately,

it is hoped that this will be accomplished through high speed adaptive feedback control of process,

instead of by sacri�cing more productive regions of the parameter space. The techniques described

in this thesis are a �rst step toward being able to exert this kind of control in a practical way.

2.2 Laser process monitoring techniques

Several groups have developed in situ process monitoring techniques for laser modi�cation with

various bene�ts. Nonlinear-cross-correlation techniques have shown promise, but so far have used

complex laser systems and achieve poor spatial resolution [16]. The coherent and sensitive nature of

interferometric techniques allow them to penetrate and overcome some of the intense physics present
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in and above the laser interaction zone. For instance, laser diode self-mixing interferometry has the

advantage of being a simple and inexpensive real-time measurement [8]. This approach illuminates

the sample with a simple laser diode. The sample acts as an external cavity for the laser diode

causing oscillations in its output that can be measured by an integrated photodetector inside the

diode's package. Unfortunately if the primary interface is ever lost (due to momentary blockage or

discontinuous change in depth), the remainder of the data becomes unusable. Nevertheless laser

diode self-mixing interferometry provides valuable results that allow the study of physical e�ects

such as vacuum on thermal drilling[17]. There are also a variety of conventional fringe following or

phase unwrapping techniques that have very high spatial resolution and, when employing strobo-

scopic illumination, temporal resolution on the order of femtoseconds [18] (mapped in delay time).

Unfortunately, both of these interferometric approaches utilize a single phase measurement to de-

termine depth and therefore are not well suited to high aspect ratio holes because any secondary

re�ections from the surface or sidewalls tend to corrupt the signal, thus severely limiting their use in

practical situations. High-speed microscopy systems that operate in transmission mode [19, 20] or

by monitoring deformation by the bulk [21] can monitor high aspect ratio holes, but they su�er from

stringent restrictions on the composition and geometry of the sample that also limit their application

to all but the most unusual practical applications. Döring's work in particular highlights the value

of knowledge of the depth dimension. Even during the percussion drilling of holes with an ultrafast

laser (a process that is generally thought to be much �cleaner� than thermal processing), there is

a high degree of variability and stochasticity (Fig. 3 of Ref. [20]) in the later phases of the drilling

process. Simulations of thermal processes such as welding predict even more rich dynamics[14] that

require a non-transmission approach such as ICI to fully study or control during production.

What is truly desired is: a) a way to measure depth in real-time with; b) micrometer and

microsecond space and time resolution that is; c) easily integrated into existing laser processing

stations and; d) compatible with all applicable materials and geometries. Coherent microscopy

techniques such as Optical Coherence Tomography [22, 23] (OCT) have the potential to ful�ll these

requirements. Applications of OCT for monitoring laser ablation of tissue have been demonstrated

by several groups [24�26], but due to the two-dimensional scanning mode, acquisition rates were

limited to ∼100 Hz; too slow to see many machining dynamics. Vakoc et al. [27] were able to
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increase the imaging rate and begin to observe faster thermal changes to the signal speckle pattern

and phase by not scanning the imaging beam.

When the imaging beam is introduced co-axially with the processing beam without a beam

scanner, we call the technique �Inline Coherent Imaging� (ICI) instead of OCT because tomographic

imaging (and most transverse information) is sacri�ced for increased measurement speed. ICI is well

suited for deep (i.e. high aspect ratio) measurement because it does not depend on triangulation

geometry and the signal from the bottom of the hole is not corrupted by those originating from

elsewhere. Additionally, ICI does not su�er from material and geometrical restrictions of other

techniques [8, 19, 21, 28]. We have demonstrated that low speed ICI (24-40 kHz) can be used to

track drilling progress and observe machining dynamics [29, 30]. Work on a faster system has also

shown promising results that have been published in several conference papers [31, 32]. Furthermore,

we have demonstrated ICI's ability to provide manual feedback control of percussion drilling in

metals [30] and bone [33].

2.3 Coherent imaging and optical coherence tomography

2.3.1 Low-coherence imaging basics

OCT is sometimes described as an optical analogue to the pulse-echo imaging scheme used by medical

ultrasound. While not as penetrating in human tissue as acoustic waves, infrared light has a much

shorter wavelength and a higher frequency bandwidth:speed of propagation ratio and so is capable

of higher resolution imaging. The drawback of using optical frequencies is that they are too high for

full phase and amplitude information to be directly measured. Instead, OCT is an interferometric

(coherent) measurement based on optical heterodyne detection. Low coherence (broadband) light

is split in an interferometer and travels down two approximately equal paths where it is re�ected

by either a reference mirror (the �reference arm�) or a sample (the �sample arm�). Path length

variations between the sample and reference arms create interference fringes in the output from

the interferometer that can be detected by photodetectors and data acquisition signals with typical

RF bandwidths. The �rst approach to OCT used an oscillating mirror in the reference arm that

scanned the delay line through the �eld of view of the system[22]. This had the bene�t of simple data



CHAPTER 2. BACKGROUND & THEORY 13

processing and long scanning range at low speeds, but signal-to-noise and axial resolution decreased

rapidly as the scan speed increased. Another fundamental disadvantage of this approach is that at

any given time, the majority of the precious photons leaving the sample are striking the detector

and creating only noise. For better performance, another approach is required.

In spectral domain OCT (SD-OCT), the reference arm is �xed and the interference patterin

in the spectrum is analyzed to reveal the signal. This approach requires no moving parts and

photons from all the depths inside the sample contribute to the signal throughout the sampling

time. Furthermore, the de�ned phase relationship across the spectrum means that the noise of

each detector adds incoherently while the signal from each detector adds coherently, creating an

enormous SNR advantage to the spectral domain approach under most circumstances[34]. More

formally, consider light from a broadband source with a spectral intensity envelope (i.e. power

spectrum of the source) A(k) with vacuum wavenumber k in two equally split arms of a Michelson

interferometer and measured by a spectrometer (Fig. 2.4). In the reference arm of the interferometer,

the light is strongly re�ected by a mirror with a relative intensity, A(k)Iref . In the sample arm,

it impinges on a non-dispersive medium with index of refraction n containing a set of p weakly

scattering re�ectors, each with a path di�erence (OPD) relative to the reference arm of zi and

relative re�ected intensities A(k)Ii. The intensity measured by the spectrometer at the output of

the interferometer is then given by Eq. 2.1[35]:

Ispec(k) =

p∑
(i=1)

A(k)

[
Iref
2p

+
Ii
2

+
√
IrefIi cos (2knzi)

]
(2.1)

In reality, there are also auto-correlation terms with higher order dependence on the intensity

re�ected by sample, but these have been neglected as real samples are typically weak scatterers. The

DC components (not dependent on k except for the spectral envelope), Iref and Ii, of the spectrum

can either be measured and subtracted a priori or ignored because their e�ect is isolated in one

portion of the image and can be kept separate from relevant information. Multiplication of the weak

signal Ii by the strong signal Iref enhances the signal-to-noise ratio (SNR) of the cross term to a

detectable level even for very weak re�ectors. Sensitivity of over 105 dB in the sample arm has

been reported for this variant of OCT. The
√
Ii dependence of the signal approximately doubles (in
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Figure 2.4: A Michelson interferometer illuminated by a broadband source (BBS). The two arms of
the interferometer are mismatched by a distance Zi and the output is measured by a spectrometer
(SPEC). In practice, this is usually implimented in optical �bre.

logarithmic units) the e�ective dynamic range of the detector, which allows the system to tolerate

large variations in signal. If a Gaussian spectral distribution is assumed, then the absolute value of

the Fourier transform with respect to k of this term is given by Eq. 2.2:

|Fk(Ispec(k))(z)| =
√

(Iref )

p∑
(i=1)

[G(z + nzi) +G(z − nzi)]
√

(Ii) (2.2)

where G(z) is the Fourier transform of the spectral envelope A(k). This is an ensemble of Gaussian

peaks centred at ±nzi (the implications of the ± degeneracy are discussed further below) whose

amplitudes are proportional to
√

(IrefIi) . A function/measurement of re�ectivity vs. depth in the

sample is thereby obtained. This is known as an axial scan or A-scan. The amplitude proportionality

factor has two very important e�ects: First, the weak sample intensity is e�ectively multiplied by

the much stronger reference intensity. Second, the signal's proportionality to the square root of the

sample intensity means that it is theoretically possible to image the sample with (nearly) double the

dynamic range of one's detector.

The axial resolution of an OCT system is proportional to the coherence length of the light source

and is generally accepted to be the full-width-at-half-maximum (FWHM) of the Gaussian peak

produced when imaging a very �at sample such as a mirror. The theoretical resolution limit for a

Gaussian imaging spectrum with center wavelength λo and FWHM bandwidth of Δλ is given by
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Eq. 2.3. With commonly available light sources, axial resolutions in the 5-15 µm range can be easily

achieved.

∆z =
(2 ln 2)

π

λ
2
o

Δλ
(2.3)

This is the coherence length of the light source and, not coincidentally, it is exactly equal to

the distance that a time-bandwidth limited pulse composed of this spectrum travels during its own

duration. Both Eq. 2.1 and Eq. 2.2 show that there is a degeneracy between positive and negative

path delays. This is because in a simple Michelson interferometer, it is not possible to measure

the real and imaginary parts of the interference pattern simultaneously. Re�ectors on one side of

the zero-delay point are always mirrored about zero-delay and superimposed onto the other side.

In order to prevent these mirror images from corrupting the image, it is usually su�cient to place

the zero-delay point such that re�ections are only expected from a single side. This usually has the

unfortunate e�ect of halving the useful axial �eld of view (FOV) of a system. The resolution of

this so-called �complex conjugate ambiguity� is the object of a �eld of OCT research called �Full-

Range OCT�[36]. However, solutions to these problems usually involve approaches that are not

single-shot and require very controlled phase shifts from one measurement to the next, and are

therefore unsuitable for observing fast dynamics. Hofer et al.[37] have demonstrated a single-shot

approach using dispersion to encode the necessary information at an increased computational cost

that is detrimental to real-time applications. In section 5.2, I show how a related (but independently

discovered) approach to image processing can partially solve this problem for the purposes of ICI

without additional samples or computational load, but the majority of the data I present in this

thesis is single-sided.

A chief bene�t of spectral domain detection is that no moving parts are required. Acquisition

speed is limited only by the spectrometer, allowing A-line rates of up to 312.5 kHz to be achieved

with the latest generation of Si CMOS line cameras [38]. By translating the focal spot over a sample

(i.e. raster scanning) and serially acquiring A-scans, a two- or three-dimensional (spatial) image

(termed a brightness or B-mode image) can be formed. Alternatively, if the spot is not scanned and

the sample has some kind of dynamics occurring in it, such as motion, a �motion-mode� or M-mode

image of re�ectivity vs. depth vs. time can be acquired. When this approach is used for observation
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Figure 2.5: Basic ICI data showing a single interface sinking deeper into a sample as material is
removed during laser percussion drilling. 760 µJ pulses are incident onto a 20 µm e=2 intensity
diameter spot at 30 kHz onto steel. A co-axial oxygen assist gas jet at 8.3 bar is used. Imaging
rate is 300 kHz. Graph brightness corresponds to sample re�ectivity in logarithmic scale with an
approximate dynamic range of 60 dB shown.

of laser machining along the process beam axis, the term �tomography� is not accurate and so we

use the term �Inline Coherent Imaging� instead. For example, Fig. 2.5 demonstrates the ability of

ICI to observe the erosion of a steel sample by a percussion drilling beam. These M-mode images

are the raw output of ICI systems.

It is important to note that for continuous sample illumination, temporal resolution in M-mode

is determined by detector integration time (typically microseconds). If the sample moves or changes

by an amount ∼ λo/4 during detector integration, the interference fringe contrast is degraded in a

phenomenon known as �fringe washout� which manifests itself as a loss of system sensitivity to the

moving re�ector[39]. This sets an upper speed limit for an object to be detected with high SNR, but

fortunately objects in excess of this speed vanish from the image instead of corrupting it. However,

by integrating only a single pulse from a Ti:AlO3 mode-locked laser, the integration time can be

e�ectively reduced to a few hundred femtoseconds, negating the limitation for all practical purposes.

With this theory in mind, there are a few key challenges to building a high speed, high resolution

coherent imaging system. First, for �ne axial resolution, source spectra with short center wave-

lengths and broad bandwidth are required. Since sample penetration is generally greater for longer

wavelengths, most resolution enhancement is pursued by broadening the spectrum. This presents a
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problem of not only spectrum generation, but also proper dispersive corrections for focal objectives

and bandwidth tolerance of other components, particularly evanescent �bre mode couplers. Second,

the Nyquist condition relates long imaging range (in the time domain) to �ne spectral resolution. As

real spectrometers have �nite resolution, the high frequency spectral fringes from long path length

separations (see Eq. 2.1) tend to appear weaker, thereby negatively impacting system sensitivity.

This �sensitivity roll-o�� is demonstrated for several of the realized imaging systems in the subse-

quent chapters. In certain situations, it is possible to balance the natural tendency of certain samples

to re�ect less power from greater depths against the sensitivity pro�le of the imaging system in order

to make better use of the available dynamic range. One example of this technique being applied is

shown in Fig. 5.7.

2.3.2 Spectrometer design

In addition to desiring dense sampling in the spectral domain, there is a corresponding need for

sampling frequency in the time (space) domain. If too low of a sampling frequency is used, then the

output of the processing algorithms will be descretized such that the full potential for the spatial

resolution of the system will be unachievable in practice. Wojtowski et al. give two vital equations

for properly con�guring a spectrometer[40] for coherent imaging. The �rst relates the total spectral

dispersion (∆Λ) on the sensor that should be used given a speci�c light source bandwidth (∆λ):

∆Λ =
1

2

λo
∆z/2

=
π

2 ln 2
∆λ (2.4)

This condition sets a time domain sample spacing equal to half of the theoretical axial resolution

provided by the spectral bandwidth of the light source, which allows two Gaussian point-spread-

functions (PSFs; the impulse response of the system) to be resolved when their centroids are sep-

arated by their FWHM (i.e. the spatial Nyquist condition). The second equation from Wojtowski

et al. relates quantities from 2.4, the number of detector elements on the line camera (N ) and

the maximum single-sided imaging range of the system, ∆Lz otherwise known as the �eld of view

(FOV):

∆Lz =
∆z

4
N =

ln 2

2π

λ2
o

∆λ
N (2.5)
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Thus, we can see that, given a �xed N (which can be thought to be proportional to the data rate

of the system), a conserved quantity exists in the product of the imaging range and resolution. This

is an important engineering consideration to take into account when designing or modifying any

coherent imaging system. In practice, it is best to start with desired imaging ranges/resolutions

and a central wavelength band, and calculate what kind of light source and spectral sampling

frequency/resolution will be required.

The spectrometer itself must then be designed to provide the necessary spectral resolution,

spectral dispersion and desired number of measurement points. For all of the work presented here,

I designed, built and applied �bre-coupled Czerney-Turner imaging spectrometers. The key design

parameters that must be considered are:

� �bre collimator: spectral band, focal length, NA (numerical aperture)

� �bre core mode �eld diameter

� Focusing objective: spectral band, focal length, NA

� Detector pixel pitch

� Transmission/re�ective di�raction grating period/blaze

The �rst three parameters work together to determine the monochromatic spotsize that will be

imaged onto the detector. Typically, the mode �eld diameter and pixel pitch on the detector are set

by external factors (e.g. availability of detectors at the desired speed), and so the collimator and

focusing objective are the components that will be selected. Ideally, both of these optics support

the spectral band of the imaging system in their antire�ection coatings and wavelength design in

order to give high throughput and spectral resolution. For spatial high-resolution imaging systems,

the necessary broadband light means that achromatic lenses are highly recommended. The focusing

objective has additional design requirements, including a �at imaging plane across the needed area

of the detector, and can be very expensive. Therefore, mass-market commercial products should be

used when possible. As a simple imaging problem, the monochromatic spotsize on the detector can

be approximated by the mode �eld diameter of the �bre times the ratio of the objective's focal length

to that of the collimator focal length. Ideally, the monochromatic spotsize should be designed to be
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half the pixel pitch, but this can rarely be achieved in practice. Since the objective's focal length is

also a key parameter in determining the overall spectral dispersion of the system (discussed below),

higher spectral resolution can generally be achieved by increasing the focal length of the collimator

and thus the beam diameter through the spectrometer. However, this increases the spectrometer's

overall size and rapidly escalates costs for gratings and focal objectives. Without these limitations,

it may seem advantageous to seek arbitrarily high spectral resolutions in order to improve the

sensitivity roll-o� behaviour of the system. However, one must also consider the negative impact

that aliasing from fringe periods smaller than the pixel pitch will have on the overall image quality.

That stray signals originating from well outside the nominal �eld of view (e.g. those generated by

multiple re�ections from non-ideal optics elsewhere in the interferometer) are attenuated by �nite

spectral resolution can be a good thing.

The polychromatic behaviour of the spectrometer is determined by the objective's focal length

and the grating period. The kinds of objectives used for these applications typically have mapping

displacement functions that behave like x = F tan θ where F is the focal length of the objective, and

θ is the angle of the incident ray relative to the central axis of the lens. To determine the angular

dispersion of the spectrum, we turn to the well-known grating equation:

mλ

d
= sin (θi) + sin (θo) (2.6)

Where m is the di�raction order (typically 1 or -1), d is the spatial period of the grating (in

the same units as λ) and θi and θo are respectively the incident and output angles relative to the

grating normal. Given a �xed grating period and order and a desired wavelength, there may be

many solutions for input and output angles. However, gratings are typically optimized via �blazing�

to work best at a particular input and output angle. The di�raction e�ciency of a general purpose

grating is typically optimized and speci�ed in the so-called �Littrow� condition in which the incident

light is retrore�ected toward its origin in the �rst order di�raction peak. The Littrow angle is

therefore θL = arcsin
(
λ
2d

)
and, by substituting in the central wavelength of the desired imaging

source, serves as an initial point of reference for the rest of the spectrometer con�guration. We can

now write the following to solve for the output angles for the maximum and minimum wavelengths:
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λo + ∆Λ/2

d
= sin (θL) + sin (θλmax) (2.7)

λo − ∆Λ/2

d
= sin (θL) + sin (θλmin) (2.8)

If properly calculated, then extreme wavelengths should be approximately mapped onto the �nal

pixel on either side of the detector:

−F tan (θL − θλmin) ≈ F tan (θL + θλmax) ≈
N

2
δn (2.9)

where δn is the detector pixel pitch. I numerically simulated these equations for a range of wave-

lengths of interest in order to better understand the behaviour of the spectrometer. Unfortunately,

using the Littrow input angle is impractical with re�ective gratings because the light source and

destination/detector must1 have enough angular separation so that the beams are not overlapped.

If we relax this restriction, there are a wide range of possible input angles that could theoretically

be used. However, signi�cant departures from the Littrow angle should be avoided as they result in

excursions into the more nonlinear parts of the sine function and have poor di�raction e�ciency. A

far better alternative is to utilize transmission gratings, especially volume phase holographic (VPH)

transmission gratings. In recent years, these have become a�ordable and more optically e�cient.

Their polarization independence, damage resistance and ease of alignment make them an excellent

choice for coherent imaging spectrometers.

The practical nature of the spectrometer must also be taken into account when designing image

processing algorithms. Numerical solutions of the wavelength to pixel number mapping function

of the spectrometer clearly show the mapping to be nonlinear. Furthermore, we see in Eq. 2.1

that the interference fringes are evenly spaced in wavenumber and not wavelength. For this reason,

any measured interference fringes typically must be recast/resampled into points evenly spaced in

k. By �rst creating a calibration function for the detector pixels from the spectral lines of various

noble gases, a linear interpolation between the measured and desired bases may seem simple enough.

However, this data processing step can be computationally intensive and add spurious artifacts to the

1It would be possible to use a beam splitter or some kind of Faraday circulation device to overcome this limitation,
but the cost in sensitivity and money from either of these approaches would render them impractical.
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image. The discussion in Sec. 5.2 on the homodyne �lter algorithm that I have developed explores

this topic in more detail.

2.3.3 Interferometer design

The interferometer is another important part of the system. In ICI, it is highly advantageous to

build one's interferometer inside optical �bre because of the stability and �exibility that it o�ers.

There is a vast array of inexpensive and high quality components available for both the 830 nm and

1310 nm wavelength bands. The �rst and most important component that must be selected is the

2 x 2 evanescent mode coupler that functions as the interferometer's beam splitter. It connects the

light source and detector (on one side) to the sample and reference arms. HI780 and SMF-28e �bre

o�er adequate bandwidth tolerance for all but the most broadband imaging systems and are usually

the �bres of choice for mode couplers. Except for a few cases, the same �bre ought to be used for

all parts of the interferometer. If the system is not going to be fusion spliced together, FC/APC

terminations are recommended to reduce backre�ections. The mode coupler must be speci�ed to

operate properly in the system's wavelength range. Outside of the speci�ed range, its splitting ratio

will change. Normally, a splitting ratio of 50:50 is preferable, but other splitting ratios can be used

in conjunction with a Faraday circulator to increase sensitivity.

Optical dispersion mismatch between the sample and reference arms of the interferometer can

rapidly degrade axial resolution as di�erent colours begin to �see� di�erent path lengths through the

system. For this reason, it is often simplest to duplicate the optical paths in both the sample and

reference arms as closely as possible. In particular, specifying the sample and reference arm sides

of a mode coupler to be accurately cut to the same length is highly recommended. However, it is

common practice to add adjustable glass elements in the free-space portions of the interferometer

to compensate for otherwise unmatched dispersion. Second-order dispersion correction is usually

su�cient down to desired axial resolutions of 4 µm, after which third-order correction is necessary.

Broadband collimators should be used to couple light out of the �bre and into the free-space

portions of the interferometer. Collimators or specialized �bre terminations, that allow the Z axis of

the �bre tip to be moved relative to the collimating lens, are useful for controlling beam divergence.

The reference arm collimator is typically mounted on top of a calibrated translation stage for �ne
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control of the zero delay point of the interferometer.

Finally, any polarization mismatch between the two arms of the interferometer must not be

overlooked. Eq. 2.1 only applies if the polarizations of the two arms are matched. Non-polarization

maintaining �bre can cause very signi�cant distortions in the polarization states of the sample and

reference beams. Polarization mismatch can cause loss of axial resolution, signal attenuation and

secondary PSF sidelobes. As a result, at least one polarization controller must be placed in either

the sample or reference arms and �bre must be securely fastened wherever possible.

With these concepts and design equations in mind, one can understand and build an ICI system.

In the next chapter, several examples of systems that I built are presented and elements of these

design principles are evident.



Chapter 3

ICI and Machining Apparatus

This chapter describes the major pieces of apparatus that I have designed and realized in order

to demonstrate and test the concepts behind ICI. The chapter consists of an initial summary for

the signi�cant generations of imaging systems that I have built followed by individual sections that

characterize the major di�erences of each. The chapter concludes with a brief discussion of the

high performance machining platforms we built that are used to extend the demonstration and

understanding of ICI into more practical speeds and dimensional regimes.

3.1 Summary of coherent imaging systems built

Throughout the course of this work, I have designed and built several coherent imaging systems,

each with di�erent adaptations for a particular purpose. Table 3.1 presents a summary of the major

generations of imaging systems that were designed and built, along with important �gures of merit.

Each system is numbered and has a speci�c purpose that is described in its own section within this

chapter, along with example characterization data. The system numbers are referred to in the later

chapters to note which equipment was used in each of the experiments. Each successive system,

in addition to being designed for a di�erent purpose, represents a new generation in the evolution

of ICI. This, like so many other technological innovations, has grown organically from the initial

realization of a need for depth control. Each generation moves further from rudimentary proofs

23
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Table 3.1: Summary of ICI systems built
System
Number,

Application

Imaging
Light
Source

Beam Com-
bination

Detector Imaging
Rate
(max,
kHz)

Int.
Time
(min,
µs)

Axial
Res.

(min,µm)

Feedback

1, 3-D OCT SLD N/A InGaAs 24 24 11 None
2, Combined
imaging &
machining

[29]

modelocked
�bre
laser

N/A InGaAs 47 10 6 None

3,
Subsurface
imaging [30]

SLD Dichroic,
post-

objectives

InGaAs 24 10 14 Manual

4,
Subsurface
imaging,

co-axial gas
assist [41]

SLD Dichroic,
common
objective

InGaAs 24 10 12 Manual

5, High
speed
[32, 42]

Ti:AlO3 Dichroic,
common
objective

Si CMOS 312.5 1.5 5 Automatic

6, Low cost
[1]

SLD Dichroic,
common
objective

Si CMOS 27 0.07 6 Automatic

of concept and closer to practical implementation. The latest low cost imaging system design has

already been through its �rst �eld trial at the head o�ce of the world's largest industrial laser

manufacturer, serving as the initial engineering prototype for the system.

The systems are composed of �ve major component subsystems:

1. A broadband light source

2. An interferometer (usually �bre-based)

3. A beam delivery head

4. A high sampling rate spectrometer

5. Electronics for data acquisition, processing and image rendering

All the designs utilize the spectral domain detection scheme in which interference fringes in the spec-

trum of the output of a Michelson interferometer are transformed (usually with a Fourier transform)



CHAPTER 3. ICI AND MACHINING APPARATUS 25

to resolve the intensity of backre�ected sample light in terms of optical path di�erence (i.e. depth).

A spectral domain system is chosen for this work because of its compatibility with machining pro-

cesses. Speci�cally, spectral domain detection o�ers: high sensitivity, high speed (no moving parts),

easy synchronization with machining systems, a favourable motion artifact (objects that move at

very high speed disappear instead of corrupting the image) and an additional level of isolation be-

tween the imaging and machining light. In all cases, these spectrometers are calibrated by coupling

a small amount of light from gas discharge lamps (spectra of Ar and/or Ne are preferred) into the

core of the same �bre that is used in regular operation and cross-referencing these spectra with the

spectral database provided by the US National Institute of Standards and Technology (NIST).

3.2 Summary of machining lasers used

ICI is naturally compatible with a variety of machining lasers. This is demonstrated through the use

of a wide variety of machining sources listed in Table 3.2. Like the various imaging systems in the

previous section, these lasers are referred to by their �Laser Name� throughout the text. Fiber lasers

are a recent development in the material processing �eld. Their excellent beam quality, compact

size, wall-plug e�ciency, ease of beam delivery and zero-maintainence cavity mean they are e�ective

machine tools with low total cost of ownership. As such, we have used these lasers extensively.

When high peak power is required, most optical �bres become unusable due to nonlinear e�ects and

conventional free-space cavities must be used instead.

Combining and separating the machining and imaging light are relatively trivial and typically

accomplished using dichroic optics in the form of multilayer interference �lters. Further �ltering is

applied through spatial �ltering and attenuation of out-of-band light inside with the single mode �bre

that carries the imaging light and through the natural wavelength separation inside the spectrometer.

3.3 3-D spectral domain OCT at 1.3 µm

The �rst step in building a coherent imaging system for studying laser machining is to build a

working OCT system capable of high resolution 3D imaging. This is an important instrument both

from a learning perspective and as a tool to perform post-cut veri�cation of machined samples. In
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Laser
Name

λ(nm) Repetition
Rate

Avg.
Power
(W)

Pulse
Dura-
tion

Vendor Model Notes

QCW
�bre laser

1070 50 kHz
(max)

100
(max)

500 ns
(min)

IPG YLR-100-
SM

single-mode,
modulated CW,
most commonly

used laser
nanosecond
�bre laser

1070 30-
100 kHz

30
(max)

70 ns
(min)

IPG YLP-100-
30-30-HC

kW �bre
laser

1070 5 kHz
(max)

1100
(max)

200 µs
(min)

IPG YLR-
1000-IC

100 µm process
�bre, 60 mm
collimator,

modulated CW
HighQ
laser

1030 2 kHz see
notes

10 ps HighQ picoREGEN-
1500

0.6 TW/cm2

peak intensity at
sample

modelocked
�bre laser

1064 10 MHz 20 20 ps Corelase X-LASE imaging and
machining with
this laser (system

2)
Ekspla
laser

1064 50 kHz 1.25 10 ps Ekspla PL10100 used in bone
experiments

picosecond
UV laser

355 400 Hz 0.02 6 ps Passat Compiler-
355

used in bone
experiments

Table 3.2: Comprehensive list of the machining lasers used throughout this work.
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this section, I provide a detailed design description of the �ve component subsystems listed in the

previous section and shown in Fig. 3.1. Subsequent systems follow a similar design methodology

and generally improve on the system described here, but only signi�cant design deviations will be

described.

Interferometers made from silica based single-mode optical �bre are both stable and versatile. A

center wavelength of 1320 nm is chosen due to signi�cant advances in telecommunication equipment

around the zero dispersion wavelength of silica and the superior penetration of such light in turbid

media[43]. A �bre-coupled superluminescent diode (SLD) with a FWHM bandwidth of 58 nm and

power output of 8 mW (AFC/JDS BBS1310) is coupled to a telecommunications-grade single-mode

�bre optic 2 x 2 evanescent mode coupler with a splitting ratio of 50:50 as shown in Fig. 3.1. In later

experiments, this is sometimes replaced by a coupled SLD pair (INPHENIX) with a power output

of 25 mW for higher sensitivity. Half of the SLD power is coupled out of the �bre in a reference

arm and passes through a λ/4 waveplate for polarization control and a 6 mm block of SF66 glass

(labeled DC) to partially compensate the dispersion mismatch created by the objective lens in the

sample arm. Except for the mirror, the parts of the reference arm are mounted on a calibrated

translation stage to provide a two-pass variable delay of 50.8 mm. The power coupled back into

the �bre at the reference arm continues back to the 2 x 2 coupler where it is combined with the

signal from the sample arm. The combined signal is split between the path back to the source and

also out the remaining port of the coupler. The diode is protected from feedback by way of a �bre

optic circulator and the other port is connected to the spectrometer. Overall, this system provides

a �exible, e�cient and cost-e�ective method of transmitting the imaging light that is resistant to

environmental changes, shock and dust.

A custom scanning head enables 3D imaging and telecentric focusing via a lens speci�cally

designed for OCT. Light from the sample arm �bre is coupled out of a FC/APC (ferrule connec-

tor/angled physical contact1) polished �bre tip by an antire�ection (AR) coated 18 mm aspheric

lens. The collimation of the lens is adjusted to optimize the amount of source power coupled out,

re�ected o� of a mirror some distance away and coupled back into the �ber. This is also important

to ensure that the telecentric lens is functioning with an in�nite conjugate ratio in accordance with

1This is an industry standard. Angled polishes on the �bre terminations reduces back-re�ection of light.
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Figure 3.1: The system schematic for the 3-D SD-OCT system. The broadband light source is split
into reference and sample arms. Upon re�ection back into the �bre, the signals are mixed and imaged
onto a line camera via a Czerney-Turner spectrometer. Interference fringes are then processed on a
PC where the image is stored and displayed.

its design. From the coupler, the light is directed into a pair of orthogonal galvanometer scanner

mirrors that are driven by independent, matched proportional integral di�erential (PID) feedback

ampli�ers. These create the angular deviation in the beam that is necessary to scan the spot over

the sample via the objective. In order to ensure that the center positions of the galvanometers

directed the beam through the middle of the lens, they were adjusted in combination with the col-

limator mount to direct maximum power through two custom apertures placed in the lens socket.

Both scanners are capable of scanning the full �eld of view (7.5◦ optical) with a 30 Hz unsmoothed

sawtooth with < 5% of the sweep period spent ringing down.

The telecentric objective lens (Thorlabs Inc. LSM-02) has an 18 mm e�ective focal length and

entrance pupil of 4 mm (e−2) for a numerical aperture of 4.5. Like other scan lenses, it is designed

to minimize coma and has a �at focal �eld. Its scanning response is of the Fθ kind as opposed to the

F tan θ response of regular spherical optics. It is also designed for high telecentricity and uniform

optical path length over its 4.7 mm x 4.7 mm �eld of view. The lens is held in front of the mirrors

by a custom socket. Lastly, the head is mounted on a 25.4 mm translation stage and attached to a

38.1 mm diameter stainless steel post for stability. A 3D computer rendering of the scanner head is
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Figure 3.2: The scanning head designed for 3D OCT imaging with the Thorlabs LSM02 telecentric
lens and Nut�eld Technology OFH-7mm galvo scanner. Elements shown are: A-Galvo ampli�ers; B-
XY position control for sample; C- Z position control to adjust focus; D- Galvo frame; E- Custom-
machined mount to hold �ber collimator. Wiring, and �ber is not shown. Pink volumes represent
the simulated beam aperture and focal cone of the lens. This model is assembled from elements
created by subcomponent manufacturers Thorlabs and Nut�eld Technology.

shown in Fig. 3.2.

A custom-built �bre-coupled spectrometer is used to detect the spectral interferogram. Light

entering the spectrometer �rst passes through an inline polarization controller that is adjusted so

that p-polarized light is coupled out of the �bre by an air-spaced doublet lens to a 7 mm (e−2)

beam diameter. As previously discussed, the most readily available gratings are blazed to optimize

di�racted e�ciency when used in the Littrow con�guration i.e. when they backre�ect the incident

wavelength toward its source. Since the source is not inside the camera, the Littrow con�guration

cannot be used and still deliver the dispersed spectrum to the focal lens in the spectrometer. The

closest approximation to the Littrow con�guration is achieved by sending the collimated beam to a D-

shaped mirror in front of the focal lens which re�ects the beam towards the grating. The dispersed

spectrum from the grating passes back very near to the D mirror, sending the peak wavelength

through the center of the spectrometer lens approximately parallel to the lens's axis to minimize

clipping by the lens's aperture. As per the design equations suggested by Wojtkowski et al. [40], the

desired spectral dispersion for a 60 nm Gaussian FWHM source is 135 nm across the sensor. This
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kind of spectrometer requires a large clear aperture in order to capture the whole spectral dispersion

and a �at focal �eld over the width of the sensor (25.4 mm). An available air-spaced lens originally

designed for consumer photography with a focal length of 135 mm in the visible spectrum is used

as the objective. Using the grating equation (Eq. 2.6) and assuming a Fθ response of the air spaced

lens, the wavelength to pixel number conversion for various grating dispersions was simulated in a

computerized algebra system. An 830 l/mm grating provides the best approximation for a 135 nm

total dispersion for available plane ruled gratings. An InGaAs linear array (Sensors Unlimited

SU512LDV-1.7RT-0500/LX, 500 µm pixel height, 50 µm pixel pitch, 14-bit digitization) camera

is used for the detector and is connected to a PC using a framegrabber (National Instruments

PCI-1428). I also developed a real-time acquisition, processing (including background spectrum

subtraction, Gaussian spectral shaping, linear interpolation, fast Fourier transform), storage and

graphical user interface application in LabVIEW. Key to enabling real-time processing was the

utilization of parallel processing and maximizing the proportion of data that could be pre-calculated

before image data is acquired. With a 512 (width) x 256 (depth) image size, real-time acquisition

and processing at 35 fps is achieved on an Intel Core2Quad CPU.

Once the system is assembled and aligned, its image quality is characterized. The sensitivity of

the system is determined by �rst measuring the root-mean-square (RMS) noise �oor with no re�ec-

tors in the sample arm, then maximizing the back re�ection from a high quality mirror, inserting

an attenuator into the sample beam path just before the sample (necessary when the system sensi-

tivity > dynamic range), measuring its attenuation and then measuring the SNR of the attenuated

re�ector. The system sensitivity is then the indicated SNR plus the two-pass attenuation of the at-

tenuator. This system has a 95 dB sensitivity with a 10 µs integration time and ∼7 mW of power on

the sample. The axial point spread function (PSF) represents the axial impulse response (axial and

transverse PSFs are independent) of the imaging system which is important for evaluating resolution

and quality. The rate at which the PSF intensity falls at increasingly longer optical path di�erences

(OPD) (�roll-o��) depends on the spectrometer's ability to resolve high frequency (in the spectral

basis) fringes, and is another important �gure of merit as it can limit sensitivity at large depths.

I analyze the PSF at various depths by acquiring images of a single interface as it is translated

through the �eld of view (Fig. 3.3). Sharp, clean PSFs, usually >40 dB separation between the peak
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Figure 3.3: Measured axial point spread functions for the 3D SD-OCT imaging system. Interpolation
artifacts are visible at long OPDs.

Figure 3.4: Gaussian �t to the axial PSF. This width represents the spatial impulse response of
the system and limits how close two re�ecting interfaces of equal strength can approach each other
before they appear to be one interface.

and any artifacts (also called �shoulders�), are attainable throughout most of the �eld of view with a

sensitivity roll-o� of about 10 dB over 1.6 mm. At long OPDs (≥1.4 mm), signi�cant artifact signal

power is created as the linear interpolation method breaks down and adds harmonic distortion to the

waveform before Fourier transform step. This can be considerably improved though the application

of cubic spline interpolation or homodyne �ltering (see Sec. 5.2).

The �nal step in the characterization process is to measure transverse resolution. This is primarily

a function of the imaging head, which behaves optically like a re�ection mode laser scanning confocal

microscope. The 1951 USAF resolution test chart (Edmund Optics) is imaged to experimentally

determine the transverse resolution and to calibrate the transverse scanning axis. The pattern is

composed of �elements� which are �positive� triplets of rectangular bars with pairs of �negative� bars

of the same thickness in between them. Elements of decreasing size are repeated to form numbered
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Figure 3.5: B-mode image of an infrared viewing card. Scale bars are 200 µm (vertical) and 400 µm
(horizontal).

�groups�, each of which is half the size of the previous group. The positive pattern is realized by

depositing metal through sputtering upon a glass substrate, the remainder of which becomes the

negative pattern. The maximum possible contrast is therefore the di�erence in re�ection between

the positive (metal) and negative (glass). For aluminum and uncoated glass at these wavelengths,

the maximum contrast is approximately 13 dB; i.e. the �intrinsic contrast�. For system 1, contrast

remained intrinsically limited down to group 6, element 2, which has a spatial period of 13.9 µm.

Due to the high dynamic range of the system, some signal modulation was still visible for group

7, element 3 (spatial period: 6.2 µm) which indicates the system is capable of detecting details as

small as 3.1 µm with this intrinsic contrast. In samples with higher intrinsic contrast, actual results

could be even better.

With the standard �gures of merit of the system characterized, calibrated images can be taken.

Infrared viewing cards (useful laboratory tools for alignment) make convenient imaging targets as

they have several di�erent kinds of scatterers and the phosphor base makes for good transverse focus

target. I used this OCT system to acquire a two-dimensional B-mode images (Fig. 3.5) of such a

card (Thorlabs VRC5). The polymer laminate and phosphor grains are clearly visible. This step

also helps to con�rm that the zero-delay point of the interferometer is correctly adjusted relative to

the transverse focus of the imaging head.

As OCT is primarily used as a biological imaging tool, images acquired from common biological
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Figure 3.6: B-mode image of a human �nger pad taken with system 1 showing 1) stratum corneum;
2) dermal layer; 3) �nger pad ridges; 4) sweat ducts. The vertical scale bar is 200 µm.

Figure 3.7: Volume scan of a Nicotiana leaf performed by Joe Yu and Anisah Hassan. Visible is
the primary vasculature bundle of the leaf and the surface texture on either side of it. The green
colouring is digitally applied.

samples are essential to test a new system after the basic characterization has been completed.

Qualitative accuracy of these images can be rapidly assessed by experienced individuals and are a

satisfying check before beginning to image samples for which little is known a priori.

Three-dimensional images of a leaf of a plant from the genus Nicotiana were also acquired with

this system. OCT has applications in non-destructive imaging of plant structures [44] of this kind

and our results agree qualitatively with those presented by other groups working in this area [45].

A three-dimensional OCT imaging capability is directly useful in the study of laser machining

of many di�erent kinds of materials. While OCT is not able to penetrate metallic samples, it

can provide high resolution topographical measurements of machined structures. Fig. 3.8 shows a

projection of such a topology map. We use this capability to verify hole depths for the feedback
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Figure 3.8: Quasi-isometric projection of a topology map of several holes that were percussion drilled
in stainless steel by a modulated �bre laser. Hole bottoms and recast are clearly visible for each
hole. Holes are separated by 500 µm.

control experiments in Chapter 5.

3.4 Combined imaging & machining

System 2 uses the same laser to both process and image the sample and is a precursor to what we now

call ICI. This system is published in Optics Express [29] and is detailed in this chapter. Observations

of machining with this system are given in section 4.1. The system (shown schematically in Fig. 3.9) is

enabled primarily by its light source, an ampli�ed picosecond Yb:�bre laser, which has the unusual

combination of extremely broad spectral components2 in addition to high power, µJ-class pulse

energy and good mode quality. Combined with a high speed infrared spectrometer, I can achieve

real-time imaging of optical machining at axial scan rates of up to 46 kHz. By using the backscattered

light of the machining beam, I automatically monitor the area (and layer) of the sample that is

undergoing changes in a time window set by the pulse duration (20 ps). Due to the high intensity

of the light source, a free-space interferometer is used to deliver the light to the sample. At the

output of the interferometer, power is substantially lower and so the signal is safely coupled to single

mode �bre which serves as the entrance slit to the spectrometer. This approach requires only a

weak reference beam (high pulse energy is not required in contrast to nonlinear cross-correlation

2The broadband component is generated primarily by nonlinear interactions in the ampli�er.
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Figure 3.9: Schematic of the experimental setup. Unlike the other systems presented in this thesis,
this approach uses the same light for both imaging and machining. While adjustable, the reference
arm and galvanometer mirrors are stationary for the experiments.

techniques used by others [16]) and no moving parts. Since the imaging technique is based on linear

optical interference, axial resolution is set by the spectral bandwidth and is una�ected by the pulse

duration and/or chirp of the backscattered light; with 20 ps duration pulses, we obtained axial

resolutions of 6 µm over �elds of view > 1 mm.

We observe machining by focusing (using a 35 mm achromatic lens) the output from a compact

modelocked �bre laser (Corelase X-LASE, repetition rate: 10 MHz, pulse duration: 20 ps, peak

wavelength: 1064 nm, M2: 1.4) onto a block of 304 stainless steel (incident pulse energy: 1.0 µJ,

spotsize at sample: 14 µm full-width 1/e maximum, Rayleigh range: 410 µm). When machining

is underway, a brilliant plasma is evident and its intensity steadily decreases over several seconds

after the initial cutting. A 2-axis galvanometer can be used to position the micro-machining point

on the sample, or to perform full 3D tomographic scans when operating the laser below the ablation

threshold. For the present work, the scanning mirror on the galvanometer is kept �xed.

To observe ablation dynamics, the light backscattered from the sample is combined with that from

a �xed reference arm using a Michelson interferometer and is then detected through a spectrometer,

as done in standard Fourier-domain optical coherence tomography. The position of the reference
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arm is changed before machining to ensure that the initial surface is near the top of the �eld of view,

and is kept �xed for all subsequent scans. Linear resampling of the spectral data (to a constant

wavenumber basis) and inverse Fourier transform of the spectral interferogram yield the axial line

scan. In order to produce high resolution depth images, it is desirable to use a broadband light

source; the general smoothness and ripple of the spectrum is also important to minimize side-lobes

from obscuring structure in the resulting image. The spectrum of the laser output when operating at

full power (17 W with 10 W incident on the sample) is shown in Fig. 3.10. Note there is considerable

power (4.2 W with pulse to pulse variations of 9.7 per cent RMS) in the long wavelength shoulder.

Although this broad bandwidth is typically undesirable in a purely machining laser, it can be used

here for high resolution imaging. We veri�ed that the pulse duration of the long wavelength shoulder

matches the overall pulse duration using a two-photon absorption photodiode autocorrelator. If used

directly, the spectrum as shown in Fig. 3.10 yields poor axial resolution due to the narrow peak at

1064 nm. By spectrometer alignment, the strong 1064 nm peak is obstructed before it reaches the

detector array, thus providing convenient spectral �ltering in the optical domain. The �nal result

is a smooth and broad bandwidth spectrum of 110 nm, as measured by our spectrometer after

attenuation to avoid saturation (Fig. 3.10). The measured dynamic range of the imaging system

is ∼41 dB. Note that the requirements of micro-machining limit this value. Reference arm/sample

arm splitting ratios, while optimized for dynamic range and sensitivity in standard OCT, were set to

avoid disruption to the micro-machining process and to minimize camera over�ow. Imaging depths

beyond ∼1 mm were observed with no aliasing.

Ablation dynamics were observed for cutting at one location on the stainless steel surface to

create an OCT M-mode image. The laser gate and spectrometer are triggered by synchronized

function generators, and time-resolved depth pro�ling is observed with 22 µs time intervals. During

each interval, the camera integrates for 10 µs, corresponding to an averaging of 100 pulses from the

laser.

The imaging system uses a �bre-coupled spectrometer composed of a collimator, ruled re�ective

di�raction grating, an air-spaced lens and a high speed infrared line-scan camera (Goodrich SUI

LDV-1024LC) with 1024 pixels, each 25 µm wide. At the time, the camera was the fastest of its type

in the world and no other groups had reported infrared SD-OCT imaging at this speed. Dispersion
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Figure 3.10: Normalized spectra emitted by the laser (left axis scale) and measured by the InGaAs
spectrometer (right axis scale). Inset shows measured point spread function with Gaussian �t of
FWHM of 6 µm.
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compensation between the two arms of the interferometer is required due to the beam splitter,

focusing lens and a protective glass slide (not shown) in the sample arm. This is accomplished by

inserting glass into the reference arm and is veri�ed by obtaining a 6 µm resolution point spread

function (inset of Fig. 3.10).

In summary, system 2 was an important precursor to later developments in ICI, but it also

had several unique capabilities. Temporal and spatial overlap of the image and process (a critical

consideration) are automatic in this case. Furthermore, the requirement for a single light source

simpli�es some aspects of the overall system design. The enormous amount of power delivered

to the sample could yield very high sensitivity. However, these qualities can also be problematic.

Since the two light source roles are linked and a �bre interferometer is precluded, the technique

is in�exible; applicable only to very specialized light sources, di�cult to integrate into existing

processes and potentially unstable. Also, non-destructive imaging is challenging and it is virtually

impossible to observe any relaxation dynamics in the sample. These de�ciencies are addressed in

the following generations by using independent machining and imaging light sources.

3.5 Independent imaging & machining at 1.3 µm

Systems 3 and 4 use separate light sources for machining and imaging and are the �rst true in-

carnations of ICI. Separating the light sources allows for imaging of relaxation dynamics and easy

integration with existing machining systems that lack the unique spectral qualities of the source

described in the previous section. Both systems 3 and 4 are based on the same imaging engine (light

source, interferometer core and spectrometer) used by system 1, but with modi�ed reference and

sample arms including a di�erent beam delivery head in order to combine the imaging and machin-

ing beams. When imaging semitransparent (i.e. nonmetallic) samples, systems 3 and 4 retain the

deep subsurface imaging capability of the 1.3 µm imaging engine which allows them to detect details

located below the machining front. This is bene�cial to guiding blind cutting in materials with little

a priori characterization. Applications of this capability in tissue machining are demonstrated in

our 2010 Photonics West proceedings [41] and a 2012 Lasers in Surgery and Medicine paper �rst

authored by Ben Leung[42] and the other results shown in Chapter 6.

The primary di�erence between systems 3 and 4 is how the imaging and machining beams are



CHAPTER 3. ICI AND MACHINING APPARATUS 39

combined and delivered to the sample. System 3 uses separate focusing objectives for the machining

and imaging beams, after which they are combined by a dichroic optic. This approach is the most

�exible as spotsizes and the axial position of the focal waists can be easily adjusted. Mechanical

limitations of this approach required that the dichroic mirror be located close to the sample being

machined (due to the limited working distance of available lenses) which prevented simple use of

co-axial assist gas and exposed the dichroic mirror to damage from ejecta. The former limitation is

signi�cant for future compatibility with existing systems. Placing another optic between the focusing

lens and the sample and integrating the machining capability require much more modi�cation of

existing beam delivery systems, exposes more surfaces for contamination and damage, and worsens

thermal lensing/focal shift problems that will be present in very high power (kW class) applications.

Still, this system produced useful proof-of-concept results that formed the basis of our 2010 Optics

Letters manuscript[30].

System 4 uses a common imaging objective such that both imaging and machining beams are

combined by a dichroic optic while they are still collimated. This design has become the con�guration

that we have used in all subsequent experiments due to its simplicity of alignment and ease of

integration into existing industrial beam delivery schemes. In this con�guration, the degrees of

freedom of imaging and machining spotsizes and working distance are controlled by a combination

of the common objective focal length and the focal lengths of the respective collimator lenses. Once

the imaging collimator is �xed relative to the common objective, the imaging beam's focal plane

can be controlled independently from that of the machining beam by adjusting the Z position of the

imaging �bre in the collimator via specialized FC/APC terminations available from Oz Optics Ltd.

System 4 also featured two generations of co-axial gas assist nozzles. The primary design criteria

of such a system is to allow a converging beam to focus just outside of a small (∼0.5-1.0 mm)

ori�ce, through which a stream of gas can be emitted to a�ect the LIZ with some combination of

suppressing/enhancing combustion and the mechanical e�ect of blowing away liquid metal. The

nozzle also needs to be able to withstand the high temperature near the LIZ for an extended period

of time, and so construction from a conductive metal such as copper is preferable, particularly at

the nozzle tip. The �nal important design consideration is how to combine the optical beams with

the pressurized gas stream. In the �rst generation, I used the focusing objective and an O-ring as



CHAPTER 3. ICI AND MACHINING APPARATUS 40

Figure 3.11: 3D rendered cross-section of the design of the custom machining nozzle including the
AC254-050-B achromat and WG11050-B window from Thorlabs.

the gas window. However, this su�ers from several important disadvantages. First, because the lens

position is �xed relative to the location of the nozzle ori�ce, manufacturing and mounting tolerances

are relied upon to control the distance between the focus and the nozzle tip (an important process

parameter) and the lens tilt (which has important implications for achieving an optimal focused

spotsize). Second, the relatively expensive lens is exposed to ejecta from the process which leads

to increased maintenance costs. Finally, this design also means that the nozzle is compatible with

only a single kind of focusing lens. The second generation design resolves these limitations by using

a separate sacri�cial optical window and a shorter nozzle that allows the common objective to be

located independently from the nozzle tip. The second generation design is shown with an AC254-

050-B achromat (Thorlabs) in Fig. 3.11. This nozzle serves as the primary beam delivery system for

our experiments until the purchase of the industrial systems described in sections 3.8 and 3.9. The

nozzle is tested and regularly used with 820 kPag assist gas streams and, when properly positioned

no further than 0.5 mm from the focus of the machining beam, attenuated the beam by less than

10% (including the e�ects of the optics).

3.6 High speed imaging at 800 nm

One of the primary advantages of ICI is its ability to image the dynamics of thermal machining

processes on the timescales of the laser pulses themselves (µs). While systems 1-4 are successful

in achieving this, they used 1.3 µm light which must be measured with InGaAs detector arrays.
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Figure 3.12: Complete schematic of system 5 showing: GTP-Glan-Taylor polarizer; ISO-Faraday
isolator; λ/2-zero order half wave plate; 50:50-Evanescent wave coupler with 50% splitting ratio;
PC-Inline polarization controller; ML-Machining laser; DM-Dichroic mirror; RM-Reference mirror;
GR-Ruled re�ective di�raction grating; ASL-Air-spaced lens; SiLC-Silicon CMOS line camera.

Compared to Si, these arrays are generally poor in all aspects, with the exceptions of IR sensitivity

and slightly higher quantum e�ciency. Substantial speed improvements and cost reduction are found

by employing Si CMOS line cameras such as the Basler Sprint as demonstrated by Potsaid et al.[38].

System 5 is similar in its design, using an 600 lpmm ruled re�ective grating (Thorlabs GR50-0608),

a 50 mm collimator (Oz Optics HPUCO-23A-800-50AC-SP) and an 85 mm Zeiss Planar T ZF-IR

lens on the camera. Combined with the light source and interferometer (discussed below), this

con�guration provides for a ∼1 mm single-sided �eld of view and 5/7 µm FWHM PSF width using

the central 896/576 pixels on the detector to obtain a maximum speed of ∼240/312 kHz3. After

some time spent experimenting with broadband generation with highly nonlinear photonic crystal

�bre, I independently discovered that I could develop a su�ciently broad spectrum for imaging by

compressing and coupling pulses from our Coherent Mira 900 Ti:AlO3 oscillator (a similar result

was �rst published by Wang et al.[46]).

The system con�guration (shown in its totality in Fig. 3.12) utilizes a Glan-Taylor polarizer

together with a Faraday isolator (to control pulse energy and protect the oscillator from feedback)

and Fork[47�49] dispersion compensating prisms to reduce the pulse duration to (at their shortest)

76 fs (FWHM, as measured with a two-photon autocorrelator), though durations up to 120 fs can

still give acceptable performance. Pulses of up to 4.2 nJ are coupled into a 2 m length of HP780

3NB: on this line of Basler cameras, the -140km option provides no additional performance bene�t for this small
AOI con�guration. Camera manuals must be carefully studied to determine what speed enhancement is produced by
reducing AOI size.
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Figure 3.13: The original spectrum is broadened by 780HP single mode �bre from 14.1 to 73.9 nm
FWHM (best result). The actual spectrum used for imaging is reduced by the interferometer and
high speed spectrometer (40.2 nm shown here as an example) to comply with ROI restrictions on
the camera when operating at the maximum rate.

�bre where their spectrum is broadened via self phase modulation from 11-14 nm about 800 nm to a

maximum FWHM bandwidth of 73.9 nm about approximately the same center wavelength (minimum

theoretical axial resolution of 3.8 µm) as shown in Fig. 3.13. In the �gure, the original and broadened

spectra are measured with an APE Wavescan free-space rotating grating spectrometer, while the

imaging spectrum is taken directly from the imaging spectrometer using its calibration.

This light source is used to illuminate a 50:50 Michelson interferometer. The reference arm

consists of a polarization controller (polarization di�erentials between sample and reference arms

should be minimized for optimum signal and resolution), a 20 mm collimator and a reference mirror.

In practice, a copy of the sample arm objective is placed in the reference arm to approximately

focus on the surface of the reference mirror. This provides dispersion compensation and control of

the reference arm signal level (controlling the dynamic range window level) by adjusting the focal

position in Z relative to the mirror, thereby making use of the confocal e�ect at the �bre aperture.

Using a 20 mm collimator and a 50 mm focal objective, this system has an imaging focus e−2

intensity diameter of 15 µm and a depth of focus of 760 µm. The e−2 intensity diameter of the

quasi-continuous wave (QCW) �bre laser's focus is 15 µm with a depth of focus of 400 µm. Having

the same focal diameters is not essential, but it tends to provide a good balance between the depth

of viewing into the machined features and the full working range. Using the adjustable �bre position

in the imaging beam collimator, the imaging focal plane is located ∼100 µm proximal to the optics

from the machining focal plane. The nozzle has a 500 µm diameter by 500 µm long cylindrical ori�ce

geometry and is usually located some 500 µm away from the machining focal plane.
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Spectra are acquired using a Basler spL4096-140km (sometimes a -70km instead) silicon CMOS

line camera (sensor con�guration: 10 um pitch, 100% �ll factor, 2x4096 pixels) and a frame grabber

(NI PCIe-1429). Vertical averaging or binning is used to create virtual pixels that are 20 by 10 µm in

size. Area of interest (AOI) truncation to 896 or 576 pixels and minimum integration times (1.5 µs

measured by tracking the camera's response while shifting its trigger relative to a synchronized

nanosecond duration optical pulse from a photodiode) are used to increase the overall line rate of

the system. Additionally, the sensor is composed of two horizontally spanning segments that are

digitally read out in parallel. As a result, maximum speed is available from the camera when an

equal number of pixels are used on each segment. The frame grabber transfers image data directly

to a reserved (for the frame grabber) portion of the system memory via the PCIe bus, where it is

then copied to the program memory of a custom written LabVIEW application that saves, processes

and views the imaging data. I wrote several versions of the image processing code, but they all have

the same basic elements:

1. A spectrometer calibration �le previously generated from the emission lines of argon and/or

neon is loaded into memory

2. Image data is read from the camera

3. Background spectra are measured and saved for the purposes of DC subtraction, spectral

shaping and theoretical resolution estimation

4. A blank image is measured and used to set/equalize the RMS noise �oor across all the depths

5. Subsequent image data is optionally saved in raw form, then background-subtracted, shaped

(usually to resemble a Gaussian) and interpolated from the spectrometer basis to one of con-

stant spacing in wavenumber

6. The FFT, complex magnitude, base-10 logarithm and noise �oor subtraction operations are

applied in order

7. The resulting image is displayed to the screen in grayscale or semi-grayscale

Making use of parallel processing hardware resources such as multi-core CPUs and/or GPUs has a

signi�cant bene�cial e�ect on real-time imaging performance (explored in detail in section 5.2), as
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does the use of solid state disks (SSD) for any operations where reading or writing to a hard disk is

necessary.

In addition to the ∼5 µm axial resolution (dispersion limited) described above, under certain

circumstances, it is possible to locate interfaces and measure displacement with much higher pre-

cision. Usually, axial resolution is de�ned by the minimum distance by which two equal strength

scatterers can be separated before they appear to be two interfaces (e.g. FWHM of a Gaussian

point spread function). However, if it is known a priori that there is a single re�ecting interface,

then it may be located with much higher precision simply by applying a Gaussian �t to the image

and extracting the centroid parameter. I studied this approach by �rst acquiring measurements of

an (approximately) static mirror over the course of several minutes. The centroid measurement had

a slow drift/oscillation with an amplitude of about 1 µm over 400 s, 60 s and 10 s intervals. In

the latter two sets, the sampling was dense enough to reveal a tightly grouped (seemingly) random

walk of the path length in the interferometer. Notably, the frequency of the drift was signi�cantly

and repeatably reduced whenever the air handling system in the lab was shut o�, showing that the

centroid measurement approach is indeed sensitive to optomechanical e�ects and that the shift in

measurement is not a result of electro-optic or computationally derived noise. The noise associated

with this location method is studied more closely by increasing the measurement rate of the sys-

tem to 300 kHz and acquiring 105 points in the space of 0.33 s. In Fig. 3.14, these measurements

are plotted relative to their mean, showing a slight drift of nearly 10 nm during the measurement

interval. There is also a higher frequency oscillation visible from 25 ms to 200 ms that is likely

due to some other environmental disturbance. If these results are plotted in histogram form (see

Fig. 3.15), the distribution closely resembles a normal distribution except for the slight, quasi-linear

drift in the centroid over the measurement period. Even with this drift, the Gaussian �t to this

distribution yields σ = 7 nm, which suggests that displacement measurements have precision on this

order for these timescales. However, over longer timescales, the interferometer drift would become

the dominant source of accuracy and precision errors.
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Figure 3.14: 105 centroid locations captured at 300 kHz using imaging system 5. Some low frequency
drift is evident. A higher frequency signal is also visible from 0 to 0.2 s. Its origin is uncon�rmed,
but believed to be an environmental vibration.

Figure 3.15: Distribution of measured depths from Fig. 3.14 approximates a normal distribution
with a width of σ= 7.5 nm.
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3.7 Low cost imaging

We have created a low cost and portable coherent imaging system that is suitable for use in in-

dustrial laser materials processing applications[1]. The system was originally designed by summer

student Logan Wright and myself, and was later built and tested by me. A deep FOV is emphasized

over very high resolution due to the macroscopic nature of many industrial processes. Further-

more, a deep FOV allows more material removal before a mechanical adjustment is necessary. It

is expected that a FOV of several millimeters will exceed the useful depth of focus of most laser

micro-processing systems and therefore be adequate for these applications. The proposed system is

comprised of a �bre-coupled superluminescent diode (SLD, Exalos EXS8310-F411, power = ∼5 mW,

λ = 830±13 nm), a custom �bre-coupled Czerny-Turner spectrometer, and �bre optic Michelson in-

terferometer that can be interfaced to a laser machining head (Fig. 3.16 provides a schematic layout).

Imaging light from the SLD �rst passes through an optical isolator, which protects the SLD from

back-re�ection. The light continues into an evanescent mode coupler (beam splitter) where it is split

(ratio = 50:50) into the sample and reference arms, then coupled out of the �bre and into free space.

The reference arm features an additional lens before the mirror (not shown in the Figure) that is

used to balance dispersion in the sample arm and control the back-re�ection coupling e�ciency via

the divergence of the beam. Some light is retrore�ected in both interferometer arms and the signals

are recombined and interfere at the mode coupler. Polarization controllers correct for mismatches

between the two interferometer arms arising from polarization e�ects in single mode �bre and also to

optimize di�raction grating e�ciency4. The spectrometer uses a 50 mm achromatic collimator (OZ

Optics HUPCO) and an 85 mm lens (Nikon 85 mm F1.4G) to focus the spectrum on the detector.

A transmission grating (period = 1800 l/mm) is used in the spectrometer for ease of alignment.

Finally, the silicon CMOS line camera measures the spectral interferogram and transmits data via

IEEE-1394 to a desktop computer for processing.

With a simple interferometer, this system achieves an axial resolution of 13 µm (Fig. 3.17) imaging

range of 5.8 mm and sensitivity roll-o� of ∼4 db/mm (Fig. 3.18). The data in Fig. 3.18 is processed

using the homodyne �lter algorithm that is discussed in detail in section 5.2 in order to suppress

4For the volume phase gratings we have come to use, this latter e�ect is relatively minimal and therefore a single
polarization controller can be used for a sample or reference arm. Polarization e�ects inside the isolator may indicate
the use of a polarization controller at this point instead.
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Figure 3.16: Schematic diagram of the low cost portable system. Use of a IEEE-1394 camera and a
simple superluminescent diode are the chief design elements that reduce cost.
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Figure 3.17: Linear point spread function for the low cost system showing a Gaussian �t for resolution
determination.

Figure 3.18: Multiple PSFs from the low cost system spaced by 300 µm. The samples are averaged
1000 times (after FFT) to show the high quality sidelobes. Sensitivity roll-o� is approximately
4 dB/mm. Dynamic range of 60 dB is also demonstrated.

interpolation artifacts. The deepest three PSF plots in the Figure exhibit an extended �shoulder�

that e�ectively limits dynamic range in their vicinity. This is believed to be due to non-idealities

in the spectrometer that are di�cult to avoid. Speci�cally, since the interference fringe frequency

on the detector is linear in wavenumber and not pixel number, at large path length separations,

a portion of the spectrum is beyond the Nyquist frequency of the detector which results in signal

aliasing that manifests as the �shoulder� artifact.

A later version of this system employs a stronger light source (Superlum SLD-38-HP, power

= 40 mW, 20 mW after dual Faraday isolation stages) and the same CMOS detector described in

section 3.6 for faster imaging in kW-class machining processes. The higher power is used to o�set the

e�ects of the shorter integration times, longer depths and non-ideal o�-the-shelf optics that are used
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in this application. The results from the low cost, portable imaging system are presented primarily

in section 4.5, where the system is interfaced with the macro-processing station that is discussed

below in section 3.9.

3.8 Machining platform for micro-processing

The majority of the experiments that I have done with ICI are most closely relatable to micro-scale

applications such as micro-machining and micro-welding. Simply put, �micro� refers to features

with sizes on the order of 1 to 100 µm which, given the focusability of IR and NIR laser sources, are

comparable with the laser spotsizes. As our group transitions from proofs of concept for ICI and

toward real-world applications, further development and demonstrations require more sophisticated

beam delivery options and precision motion control systems. In an e�ort to move toward those

capabilities, I have designed and assembled a complete micro-machining station that is compatible

with ICI and a diversity of machining lasers. This section brie�y describes this hardware of which

the main beam delivery optics are shown schematically Fig. 3.19. A complete photograph of the

station is shown in Fig. 3.20.

As a research tool that is intended to be used for some time, the micro-processing station was

designed with maximum �exibility in terms of laser sources and beam delivery routes. Optical beam

handling and delivery is controlled on a 24� x 24� optical breadboard �deck� that is held above the

granite base by four 2� stainless steel bars. On top of the deck, most optics are mounted to 1�

stainless steel posts for high stability. The resulting optical plane is nearly exactly at eye level,

and so a protective aluminum skirt is placed around the deck for eye safety. The majority of the

optics are chosen to operate at Yb:�bre wavelengths at or near 1070 nm (though small modi�cations

have already been used to allow 355 nm machining sources) and, secondarily, 840 nm in order

to accommodate the ICI beam. The machining beam is initially delivered to a top optics deck

by way of a periscope (in the case of free-space sources located on an adjacent optical bench) or

directly emitted from the collimator output of a �bre laser that is mounted directly on the deck.

The imaging beam, having originated from the optical �bre interferometer lying directly on the

deck, is introduced by way of its own �bre collimator. The machining and imaging beams are then

combined co-axially with a custom dichroic optic (CVI Melles-Griot) before being bounced o� of
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Figure 3.19: Quasi-isometric view of the micro-processing station. Speci�c elements are: A- granite
base; B- combined X and Y linear motors/stages; C- vertical (Z) axis linear motor/stage; D- sample
stage; E- LaserMech FineKerf gas assist nozzle; F- galvo delivery head and scan lens; G- microscope
objective for �ne focus; H- optics deck. Necessary support electronics, optics, plumbing and the
beam guard are not shown.

Figure 3.20: Photograph of the implemented micro-processing station and associated equipment.
Labeled items are A-Reference arm collimator; B-Galvanometer scanner frame; C-Gas delivery sys-
tem; D-Sample holder bed with honeycomb; E-Granite base; F-Motion system electronics; G-100 W
�bre laser; H-High NA lens holder.
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another broadband dielectric mirror (Thorlabs BB1-E03P) that is used to add a co-axial CMOS

camera line (for alignment purposes) and direct the combined imaging and machining beams toward

the �nal beam delivery paths. A series of movable mirrors are used to select one of three beam

delivery paths that are cantilevered o� of the deck and over the sample handling area.

The �rst path contains a commercial �ne cutting/welding optical head/nozzle (Laser Mechanisms

FineKerf) that allows for assist and cover gasses to be added co-axially to the beam. These gasses

can be very important for controlling oxidation, heat a�ected zones and ensuring clean/consistent

material removal, particularly when using laser pulses with durations on the order of microseconds.

Gas �ow from a pressure or �ow-regulated gas cylinder is controlled by a solenoid valve (quali�ed

for high-pressure oxygen service) that is actuated by the automation hardware, or manually. The

head includes sacri�cial cover glass to protect the 50 mm EFL focusing optic and o�ers independent

axial motion control of the objective (to adjust the focus relative to the nozzle tip) and translational

control of the removable copper nozzle tip. With the original beam diameter (no expansion) from

the �bre laser collimator, we achieve a measured 15 µm focal spot (e−2 intensity diameter) for the

machining beam and nearly a 500 µm depth of focus.

The second path provides high speed scanning capabilities that are valuable for marking and

machining applications, particularly with short-pulsed lasers. With co-axial ICI already integrated,

it has the additional functions of being able to produce OCT images for seam tracking or landmarking

on samples that can then be moved to one of the other beam delivery positions. It contains a pair

of 15 mm clear-aperture galvanometer scanners from Cambridge Technologies that are controlled

through an industry-standard XY2-100 interface, which is in turn controlled by an Aerotech nMark

SSaM unit (this and the other motion control components are described shortly below). The scanners

direct the beam into a telecentric scan lens (Thorlabs LSM05-BB) that was designed for OCT

applications at both 800 nm and 1050 nm wavelength bands. When properly con�gured, telecentric

scan lenses produce a converging beam that is perpendicular to its �at focal plane regardless of the

scan angle. With an 8 mm (e−2) input pupil this lens is speci�ed to produce a 30 µm spot at 1050 nm

that can be scanned over a 3 cm square working area. The suitability of this lens for the combined

ICI and machining application should not be underestimated; that a lens can produce a �ne focus

with a large, telecentric scanning �eld, be corrected for optical path length distortion (important
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for coherent imaging) as well as both of the applicable wavelength ranges, and be commercially

available for less than 1 kUSD is truly remarkable. At the time of writing, this beam delivery path

has not yet been tested. Under my supervision, graduate student Yang Ji designed and fabricated

the electronics for the galvanometers and the electrical breakouts for the NPaq electronics.

The third path allows for a standard, 1� �xed optic or microscope objective to be used to mini-

mize focal size and create the smallest features possible. Currently, a 0.4 NA microscope objective

(Thorlabs LMH-20X-1064) is installed in this path. The manufacturer speci�cations claim that the

lens can produce a di�raction limited spot of 1.6 µm e−2 intensity diameter with a 1064 nm input

beam. At the time of writing, this beam delivery path has not yet been tested.

The optical deck is built over a triple-axis Aerotech ANT130-160XY and ANT130-060Z nano-

positioning system with a movement envelope of 160 mm x 160 mm x 60 mm in X, Y and Z

respectively. The large motion envelope was chosen to allow a sample to be moved between multiple

beam delivery paths, but achieving both this and high accuracy is traditionally a di�cult thing

to do. The three axes run on cross-roller bearing stages with DC linear motors powered by linear

ampli�ers. Linear ampli�ers provide a continuously variable drive thrust instead of pulsing the drive

current in order to improve stability. Manufacturer speci�cations list the in-position stability of

this con�guration at close to 10 nm and repeatability of 75 nm. This level of performance was

required to ensure that the motion system was not the limiting factor in machining accuracy. The

Z axis supports a 6000-series aerospace aluminum frame that holds a rigid, inch-thick aluminum

honeycomb bed that supports samples and allows assist gas and debris to pass through.

The system is controlled through the Aerotech A3200 human-machine interface, which co-ordinates

axis motion and allows for CNC (computer numerical control) programming via industry-standard

and proprietary CAM (computer aided manufacturing) software packages. A3200 also has a suite

of low-level hardware features that are useful for interfacing with timing electronics, lasers, external

feedback I/O and for debugging. In particular, our system is equipped with a triple-axis position

synchronized output (PSO) signal that can be used to generate customizable pulse trains that are

triggered directly from the linear axis encoders. In this way, laser �uence/pulse spacing (for example)

can be easily controlled without having to make allowances for axis acceleration. Also, the nMark
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SSaM controller has dedicated high speed communication channels to and from the linear axis elec-

tronics, which allows the linear and scanner axes to be precisely synchronized, thus extending the

low-inertia performance of the galvanometer mirrors over the large motion area of the linear axes.

Finally, the entire system can be instantly stopped via a clearly-labelled E-stop mushroom button

to enhance operator safety. We have only just begun to realize the performance of this system (some

examples are given in Ch. 6), but it has promise for a wide range of applications in the future.

3.9 Machining platform for macroprocessing

One of the most promising application areas for ICI is in the monitoring of high power welding and

drilling. It is di�cult to predict a priori how the imaging beam will be a�ected by the increased

average optical power, di�erent melt dynamics, increased blackbody radiation and the deeper and

more complex keyhole shapes that are present in kW-class laser interactions. Furthermore, industry

interest and investment can only be developed with a proof of concept under conditions that are

similar to the real world. Accordingly, I have designed and integrated a macroprocessing station

that marries our low cost and portable ICI system to industry-standard beam delivery equipment

and a 1.1 kW �bre laser. The main internal components of the system are shown in Fig. 3.21 and

discussed in the following paragraphs.

The system is based around three Aerotech PRO-series linear translation stages, all controlled

by the same A3200 interface that was described in the previous section. Samples are moved in X

and Y underneath the machining head, which is mounted to a vertical Z axis. All three stages are

driven by ballscrews attached to brushless DC motors with PWM ampli�ers (nDrive CP-10) which

are in turn powered by �ltered 208 V single-phase AC. The stages are selected because they are

capable of reaching speeds of 300 mm/s (fast enough for the majority of welding that is possible

with a 1 kW laser) and are strong enough to reach that maximum velocity within a few mm, even

with large plates of metal as their load. In particular, the X axis must support the cantelevered

load of the Y axis, the sample holder frame and the sample under test. This additional o�-center

load is the reason for choosing the larger and more expensive PRO165 series stage for the X axis.

The o�-center Y on X arrangement is designed to prevent the motion system from being damaged

by the laser, even in case of operator error. The beam delivery system (discussed in detail below) is
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Figure 3.21: Isometric projection of the main assembly of the macroprocessing station. The enclo-
sure, fume extractor, plumbing and �bre strain-relief systems are omitted. When �nally built, the
drive electronics were located outside of the main enclosure to protect them from metal dust/vapour.
Speci�c elements are: A- coaxial camera and ICI delivery assembly; B- OEM camera port/dichroic
mirror (internal); C- high power laser entrance point; D- focal objective and cover glass (internal);
E- Z axis motor/stage; F- sample holder frame.
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supported by another PRO115-300 stage which gives su�cient vertical travel to be able to expand

the diverging machining beam to a safe diameter (thus reducing intensity), so that the power of the

laser can be absorbed and measured by a water-cooled thermopile (Laserpoint W-1500-D40-SHC)

for test purposes. The Z axis is mounted on a rigid frame composed of two 80 mm by 80 mm vertical

posts and two 75 mm thick horizontal members (80/20 Inc.). All three axes support single-axis PSO,

an external feedback loop for externally controlled autofocus, etc. and are wired into an emergency

stop button that provides near-instantaneous deceleration of the axes.

The system is housed inside of a �re-resistant metal-polymer laminate safety enclosure custom-

built by CPI Automation Inc. The enclosure has several feedthroughs for wiring, optics and cooling

water. The doors have acryllic laser safety viewing windows (Laser Safety Industries #435) that

provide OD6+ protection near 1064 nm, which is enough to protect users from scattered radiation.

The laser windows are themselves protected from sparks by transparent thick sacri�cial acryllic

plates in order to ensure that their optical protection characteristics are not compromised over their

lifespan. The enclosure also has a connection to a large, automatically controlled recirculating fume

extractor that scrubs potentially dangerous laser vapour products with HEPA and dual carbon

�ltration stages. Notably, this station is not suitable for processing ABS or any polymers containing

chlorine. Fumes from ABS contain hydrogen cyanide that may not be successfully �ltered. Chlorine

gas is produced by those polymers that contain that element and can erode optics and ducting.

There is also a ceramic �oor to catch slag, as well as a �rebrick that absorbs any of the main beam

that escapes the material. Notably, during regular operation, the laser seems to rapidly convert the

part of the brick below the head into a mixture of glass and slag that acts as an e�ective volumetric

di�user/absorber.

The laser source used for this station is an IPG YLR-1000-IC �bre laser. Fibre lasers have many

advantages in terms of reliability, size, cost, beam quality and power e�ciency over conventional

high power lasers. The laser is composed of three optically-pumped �bre ampli�er modules that

each produce 350-400 W of power at wavelengths near 1070 nm. These three signals are combined

into a single 50 µm �bre core for a total power output at the sample of nearly 1.1 kW. Before leaving

the laser, the 50 µm �feed� �bre is coupled into an armoured and interlocked 100 µm �process� �bre

that transmits the power from the laser in the laboratory anteroom into the main lab and the laser
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enclosure. The laser system is cooled by a recirculating deionized water-air chiller and powered by

3-phase 480 VAC.

The process beam is delivered horizontally into a Laser Mechanisms AccuFiber (PLYDH0209)

head via a QBH (IPG standard) connector, where it is collimated by a 60 mm lens, re�ected by one

turning mirror, and directed down toward the material. The beam is then focused by a 150 mm

or 250 mm lens before passing through sacri�cial cover glass. In addition to protecting the optics

and cleanliness of the head, the cover glass also forms a seal for a co-axial cover/assist gas stream

that is automatically controlled by a solenoid valve commanded by that A3200 automation system.

The head has removable nozzle tips to accomodate the di�erent focal length objectives as well as

cutting and welding applications. With the 150 mm lens (the only lens used in the system to date),

the machining beam produces a measured spotsize with a 206 µm e−2 intensity diameter. However,

since the delivery �bre is multi-mode, the focused spot resembles more of a �at-top than a Gaussian

shape. The head and QBH connector are cooled/thermally stabilized by a stream of bypass coolant

from the chiller via the laser. In the event that coolant stops �owing back from the head (due

to a tube break or leak), then the laser's protection is automatically tripped. Additional internal

articulated lighting arms (to improve the useful imaging rate of the USB camera discussed below)

and an auxilliary o�-axis cover gas delivery system are designed and built by undergraduate student

Chris Galbraith.

Another key component of the macroprocessing station is the optomechanical interface for the

ICI beam and co-axial camera. The AccuFiber head ships with a built-in co-axial camera port

that I adapted to also include ICI. Adding ICI to the beam path �rst (see point C in Fig. 3.22) is

chosen because it is better to have a shorter reference arm and transmit through fewer optics (for

dispersion mismatch reasons) and due to the availability of inexpensive dichroic optics that re�ect

NIR and transmit visible light. Tilt and position of the ICI beam is controlled by a translation

mount (D: Thorlabs CXY1), the locking screws on the ICI collimator (E) and by mechanics built

into the AccuFiber head (not shown). These controls are used to ensure that the both the ICI and

high power beams emerge from the beam combiner co-axially. With a 20 mm collimator for the ICI

beam, HI780 �bre and a 150 mm sample objective, the imaging beam has a measured 47 µm e−2

intensity diameter and a depth of focus of just over 5 mm. The co-axial camera serves several useful
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Figure 3.22: Detailed assembly of the custom camera port interface for the ICI system. A-Holder for
co-axial camera lens cartridge and control of camera focus; B-co-axial USB camera; C-Combining
mirror for camera and ICI beam (inside); D-XY translation control for the ICI beam; E-ICI �-
bre collimator and focus adjustment; F-Turning mirror for co-axial camera; G-Dovetail mount for
AccuFiber head.

purposes, including aiming the main process beam, aligning material, checking material focus, and

aligning the ICI and machining beam spots. The USB camera (B) looks through an adjustable focal

tube and through the supplied LaserMech camera lens cartridge. The tube and the lens cartridge

are adjusted to focus the camera on the same plane as the machining beam. The turning mirror

inside a Thorlabs KCB1 mount (F) is used to center the camera's �eld of view and align its digital

crosshairs with the machining beam. Finally, the dovetail mount (G; a part supplied by LaserMech)

attaches this assembly to the rest of the AccuFiber head. This arrangement has proven to be very

stable even with heavy vibration and acceleration of the head. The realized beam delivery, support

and motion control systems are pictured in Fig. 3.23.

The beam delivery, laser and motion control systems are all 100% industrial grade and more than

capable of creating realistic conditions under which to test the e�ectiveness of ICI. To prove that the

system works and to demonstrate the challenging imaging conditions that ICI is able to overcome,

a photograph of an O2-assisted cutting process of 6.25 mm thick mild steel is shown in Fig. 3.24.

Hundreds of glowing droplets of metal and blackbody radiation from the absorbing �rebrick are just

a few of the intense, transient optical sources that are present in these interactions.

Like the microprocessing station, this larger laser processing machine has been completed for

only a few months and is already producing good and useful data including all of what is shown



CHAPTER 3. ICI AND MACHINING APPARATUS 58

Figure 3.23: Photograph of the macroprocessing station delivery optics and sample motion system.
The imaging system is introduced into the Laser Mechanisms AccuFiber delivery head via the yellow
single-mode optical �bre. Refer to Fig. 3.19 on page 50 for element descriptions.
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Figure 3.24: Photograph (taken through a �lter that blocks the process beam) of the macropro-
cessing station moments after it �nishes cutting a 0.25� plate of mild steel using oxygen assist gas.
The �rebrick (bottom right) is showered with glowing metal droplets. Directly below the nozzle,
blackbody emissions from the brick can be seen where the process beam is being absorbed. The
photo was taken by James Fraser and Alison Kinross.

in Sec. 4.5. It has also been used as a demonstration platform for the ICI technology during web

conferences and live visits of welding engineers from industrial partners.



Chapter 4

Observing Machining of Industrial

Materials

This chapter discusses some of the wide range of capabilities and applications ICI has in the ob-

servation of laser machining. The majority of the data taken involves bulk 304 stainless steel, due

to its wide industrial applicability and good machinability with available laser sources, though ICI

is applicable to any material that generates even a small re�ection of incident light. It is expected

that ICI will have its �rst commercial applications in the processing of industrial materials and, as

such, I have focused a great deal of my e�orts here.

4.1 General and qualitative observations

Percussion drilling is an important process to many industries, including aerospace and medical

device fabrication. As drilling primarily involves removing materials to increase depth in a target, ICI

is very well suited to observe these processes. In this section, several percussion drilling experiments

are observed with systems 2-4. This section of Ch. 4 is adapted from two papers[29, 30] that were

co-authored by my supervisor James Fraser, graduate students Matt Muller, Mitchell Anderson, Ben

Leung, then summer student Joe Yu and myself.

60
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Figure 4.1: Two representative M-mode images of the ablation created by the system. Arrows are
intended as a guide for the eye to regions of increased cutting speed. Machining and imaging beams
are incident from the top of this �gure.

4.1.1 Ultrafast drilling

As discussed in Sec. 3.4, system 2 (a precursor to ICI, though not ICI itself) used the same 20 ps,

20 µJ pulses incident at 10 MHz to image and machine the material at the same time. These kinds of

pulses are best suited towards micromachining applications and not macroscopic material removal.

The key bene�t to this approach is that the alignment between imaging and machining beams is

automatic; the interference pattern is a Fourier transform of the depth pro�le with which the pulses

are interacting. Fig. 4.1 shows two typical micromachining results for identical laser characteristics

with the sample translated between runs. The re�ectance range is limited to 30 dB (starting from

the noise level) to improve viewing of weaker features. The laser is operated at full power (spectrum

as shown in Fig. 3.10) but re�ection losses from optics in the beam path cause the average power

incident on the sample to be 10 W. The ∼110 ms image corresponds to 5000 axial scans. The bright

vertical lines indicate intervals of camera saturation, which could not be completely avoided due to

the dramatic changes in surface topology during ablation. It would be easy to remove these lines

during data collection, and, due to their limited number, the dynamics of machining are still easily

observable.

In all scans, the deepest interface (the ablation front) is observed to move approximately 150 µm
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into the sample with varying velocity. The overall decrease in front speed is similar to what was

observed by Nielsen et al.[50] in the �rst 3 seconds of machining with a 1 kHz repetition rate laser.

At certain points in the advance, the cut speed increases (noted by arrows). For times longer than

110 ms (not shown), the front continues to descend but much more slowly. At certain extended

periods during the machining process, the front completely disappears, but the timing of this disap-

pearance (and even the number of disappearances) varies from scan to scan. These disappearances

demonstrate the variability of the machining process even when all possible parameters are carefully

controlled. Though timing and number of disappearances vary from scan to scan, certain features

are reproducible. Disappearances are observed to occur only over cut depths of 80-130 µm into

the sample. When the front reappears in the line scan, it has not moved from its original position

regardless of the length of the disappearance. Note also that there is a di�use interface 40 µm above

the front that is only apparent when the front is obscured. The disappearances of the ablation

front and the temporary cessation of depth deepening are consistent with the build-up of a plasma

with high enough density to scatter and re�ect subsequent pulses. The reasons for the sudden onset

and subsequent disappearance of a high density plasma are not understood and would bene�t from

further experimental studies and theoretical modeling of the ablation process. In particular, the rep-

etition rate of the laser (10 MHz) is much higher than what would normally be used for percussion

drilling and may result in pulse-to-pulse buildup e�ects that could, in turn, support a plasma.

The disappearance of the ablation front underscores the importance of using the same laser for

both machining and imaging. The image reveals more than sample morphology; we are viewing

the interfaces that are interacting with the ablation laser. In addition, due to the short duration

of the optical pulses, imaging is done in a narrow time window (20 ps), which avoids averaging out

short-lived transients over the camera integration period. Each axial scan collects 100 laser pulses

(acquisition window: 10 µs) so only transients that are repeated for every pulse would be observed.

The system could also be extended to map out the relaxation dynamics of the transients after

ablation, but this would require a separate probe pulse delayed relative to the ablation pulse and a

corresponding delay of the reference arm. By varying the delay, transient evolution on picosecond

timescales could be studied and would assist in understanding the micromachining process. This

technique is common in pump-probe studies of time-resolved dynamics. Finally, the interferometric
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based imaging approach is relatively insensitive to incoherent light from the plasma that reaches the

detector; this light will appear as noise at the zero path delay position outside the sample, rather

than at machining depths of interest.

Beyond providing rich dynamical data to study the ultrafast machining process, the potential

applications of real-time depth monitoring of machining are many. Monitoring the advance of the

ablation front provides appropriate feedback for real-time control. Cutting of new materials could be

done with no a priori knowledge of optimal machining parameters. For applications that require very

precise cut depths, the inherent variability of the cut speed as observed here could be compensated

for by real-time control as is described in Ch. 5.

4.1.2 Thermal drilling

Even without the added complexity of ultrafast lasers, conventional, long-pulse laser machining

is still controlled through many parameters, such as pulse energy, duration and repetition rate,

that can be challenging to properly optimize. ICI from systems 3 and 4 is capable of directly

observing these parameters' e�ects on the sample morphology. For thermal cutting, the environment

can dramatically a�ect cut rates; for example, the additional thermal power from laser supported

oxidation in a high-pressure O2 environment has been shown to increase material removal[51]. We

easily see the detailed dynamics due to O2 (6.8 bar) for machining of 304 stainless steel (Fig. 4.2,

QCW �bre laser parameters: 100 µs duration pulses at 4 kHz, center wavelength 1070 nm, 10 mJ

(720 J/cm2) per pulse on the sample, imaging system synchronized to the middle of the laser pulse).

To isolate the contributions speci�c to high-pressure oxygen, results with no assist gas and N2

(6.8 bar) are also shown. Interestingly, the counterintuitive result of the machining front retreating

with drilling pulse number is sometimes observed. This is attributed to the highly variable interpulse

relaxation, as explored in more detail below. Because the optical penetration depth into metal is sub-

micrometer and the imaging spot is larger than the machining beam width, the observed backscatter

from depths shallower than the machining front provides information about the sidewalls of the hole

being formed, as well as the material surface around the hole. In e�ect, we access 3D information

even with single axis imaging.

To understand the apparent retreat of the machining front with increasing pulse number, the high
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Figure 4.2: Hole evolution in QCW drilling of stainless steel, for no gas, N2 and O2 assist gases.
Light is incident from the top of the Figure. Vertical scale bars are 200 µm.

speed and real-time capabilities of the imaging system are essential. Dramatic morphology relaxation

between machining pulses is accessed by imaging in bursts slaved to the laser emission (Fig. 4.3A:

same machining parameters as Fig. 4.2 - O2 assist gas; six image acquisitions per machining pulse).

The machining front is located more precisely than the axial resolution by tracking the centroids of

Gaussian �ts (inset Fig. 4.3Ai). Note the clear cycle of material removal and hole re�lling (depths

over 150 µm). To the best of our knowledge, this is the �rst real-time observation of this phenomenon

in laser micromachining. The depth of hole re�lling can be highly variable, dependent on the depth

penetrated into the sample, and, is the main cause for the unpredictable behaviour in cut speed

observed in Fig. 4.2. In contrast to thermal machining, we also machine the same material through

nonlinear optical ablation using a free-space picosecond regenerative ampli�er (center wavelength

1064 nm, 10 ps pulse duration, 0.6 TW/cm2 peak irradiance, 2 kHz repetition rate). Though the

total �uence is similar, the much higher peak irradiance induces nonlinear optical ablation with

little thermal deposition into the sample (Fig. 4.3B) so that the hole bottom is static between pulses

(Fig. 4.3Bi). As expected for nonlinear ablation, the resulting progress of the machining front is

highly deterministic.

Interpulse imaging also allows the machining front to be tracked even for the machining of

materials with very high removal rates. Fig. 2C shows processing of lead zirconate titanate (PZT)

using only �ve pulses from the Yb-�bre laser (same QCW drilling parameters as Fig. 2A). The
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Figure 4.3: QCW (A) and picosecond (B) machining in steel; C) QCW machining in PZT with only
�ve laser pulses. White and black scale bars are 150 µm and 50 µm respectively. Gray areas on
insets indicate machining laser exposure and connecting lines are intended as a guide to the eye.
Ben Leung produced this �gure from data jointly collected.

machining rate of PZT is much higher than steel; nearly 750 µm of material is penetrated after only

�ve drilling pulses. With machining speeds this high, the machining front disappears during laser

exposure due to �wash out� of the spectral interferometric fringes [39, 52]. After laser exposure, the

front becomes static for the next three axial lines. Note that this loss in contrast due to motion in

SD-OCT is preferable to the corruption of depth information that can occur in swept-source OCT

variants[39, 52].

4.2 Image registration and quantitative depth observations

This section is adapted from a conference proceeding[32] co-authored by my supervisor, graduate

students Mitchell Anderson, Ben Leung and Joe Yu, industrial collaborator Tony Hoult (who pro-

vided the nanosecond laser) and myself. Ben and Mitchell in particular contributed to the original

registration and image overlay code that I later redesigned.

While ICI data is itself quantitative, I have developed image processing algorithms to derive
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Figure 4.4: ICI data of percussion drilling in ASTM A240 stainless steel with 760 µJ, 100 ns pulses
from a �bre laser at 30 kHz with O2 assist gas at 8.3 bar. The cutting is imaged at a rate of 300 kHz.
Imaging and machining light are incident from the top.

additional quantitative depth metrics from the images that would be more familiar and useful to

the laser machining community. This section describes the algorithm and gives some examples of

its e�ectiveness. To demonstrate, consider Fig. 4.4 (taken by system 5) which clearly shows the

formation of a percussion drilled hole produced by a nanosecond �bre laser. The drilling begins at

the focus of the machining beam which is located 150 µm into our imaging �eld of view. The cut

then proceeds approximately 600 µm into the sample over the course of 104 pulses.

These parameters were chosen because they give particularly clean, simple and easy to under-

stand results. Since penetration into the sample is limited by the skin depth of the metal, we see no

subsurface scattering. Further, the holes drilled under these parameters are wider than the imaging

beam and therefore no re�ections from the sidewalls of the hole are observed, either. Note that this

image consists of 105 sequential measurements of a single hole being drilled and requires no assump-

tion about the repeatability of the process. Since the high speed imaging system is independent of

the machining laser, we are able to image during laser exposure as well as nine measurements be-

tween each laser pulse. Between laser pulses, the line images are nearly identical, showing negligible

relaxation dynamics occurring on microsecond timescales. For longer duration and higher energy

pulses, the behavior of the system is more complex, and the imaging system is able to resolve new

dynamics. Fig. 4.5 shows the cycle of hole drilling and re�lling during 100 µs pulses from the QCW

laser. During the periods when the machining laser is o�, a bright, mostly static interface is present.

Once the machining pulse begins, the interface quickly descends into the material where it remains
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Figure 4.5: Image of percussion drilling in ASTM A240 stainless steel with 9.5 mJ, 100 µs pulses
from a QCW �bre laser at 4 kHz with O2 assist gas at 0.7 bar. The cutting is imaged at a rate
of 300 kHz. Imaging and machining light are incident from the top. Vertical bands are a result of
partial camera saturation.

until the pulse is over. Slight sidewall re�ections can be seen from the top of the hole during the

machining pulse. The rapidly changing geometry and the need to push sensitivity in order to see the

bottom of the hole result in slight saturation of some of the detector pixels. Additional harmonic

power from clipping produces vertical bands in the images; however, even with this saturation, a

large degree of the frequency information in the spectral interference fringes remains intact and, the

correct depth of the hole can still be determined from the brightest point.

To convert the full ICI data into more manageable numerical measures of depth, we use a custom

analysis code to accurately track the depth of the interface. Since the pulse train of machining light

is synchronized (with negligible timing jitter) with the sequence of integrations by the line camera,

each A-line is measured at a distinct phase with respect to the machining pulses (i.e., a speci�c time

delay relative to the start of the machining pulse). The variation of depths during each machining

pulse period is quite dramatic, making it di�cult to track the interface by comparing successive A-

scans. However, since the process is periodic, it is much easier to compare A-lines which are sampled

at the same phase of the machining cycle. The variation of depths between two A-scans at the same

phase of two successive machining pulses is much less than that of two successive A-scans within the

same machining pulse (but at di�erent machining phases). The �rst step of tracking the depth of

the air-steel interface is to de-interlace the M-mode image into subsets, each exclusively displaying

the A-lines corresponding to a single phase of the machining cycle relative to the beginning of a
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Figure 4.6: Results of the tracking algorithm overlayed on Fig. 4.4. The program successfully found
the interface 98% of the time in the �rst half of the image. Over the whole image, the success rate
was 79% as the SNR decreases deeper into the sample. Despite the decreased success rate at greater
depths, the curve is still easily visible.

machining pulse. The idea is to track the interface within these smaller frames independently, then

reassemble them at the end. Within each of the subsets, the algorithm is broken up into a coarse

and �ne search. The coarse search consists of determining the depth of the brightest pixel of each

A-line. The frame is then broken up further into blocks of adjacent A-scans where a linear least

squares �t is applied (essentially linear splines) to the brightest pixel depths. The �ne search is

then limited to a window of depths about the least squares �t. As a �nal step, tracked points with

an insu�cient signal to noise ratio are discarded. For simple images such as Fig. 4.4, the �ne and

coarse searching routine is more than adequate to accurately track the interface. A handful of �false�

points are present, but their overall statistical weight is negligible.

Fig. 4.6 shows the results of the algorithm overlaid on the image in Fig. 4.4. This excellent agree-

ment is consistent with extracting more quantitative data from the ICI results for later comparison

with established models of laser machining. The tracked data can then be easily converted into the

familiar hole depth vs. total �uence or incident pulses plots as shown in Fig. 4.7. This plot can be

obtained during the drilling of a single hole without dismounting the sample from the machining

platform for ex situ analysis. One clear statement that can be made from this result is that models

that predict a constant linear etch rate1 for nanosecond laser drilling are substantially de�cient for

these conditions. The probable causes of the reduction in etch rate with increasing depth are: a)

1I de�ne etch rate and etch depth as the linear material removal rate/depth in the direction axial to the beam.
The dimensionality of these measurements are metres per second and metres respectively.
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Figure 4.7: Single-run etch depth plot obtained from the ICI data in Fig. 4.4.

defocusing of the machining beam; b) absorption and breakup of the beam on the sidewalls of the

hole; and c) frustration of the material ejection mechanisms caused by the deeper melt channel

through which liquid must be forced. With such detail and ease of building up statistics, even subtle

variations in the etch rate (such as the ones that occur near 4500 and 5500 pulses in Fig. 4.7) can

be studied with substantially less e�ort. It bears emphasizing the extreme labour savings that one

can theoretically derive through the use of ICI. In order to obtain data equivalent to that pictured

in Fig. 4.7 through conventional means, one would have to drill, section, polish and acid-etch 104

micro-holes2. Obtaining ∼10 µm accuracy with each such hole is a challenge in and of itself, and

could easily be expected to take an experienced technician some 10-15 minutes of time for each hole,

or over an entire working year for the set. Furthermore, such conventional data would necessarily be

from many individual holes and so would lack the shot-to-shot continuity that is provided by ICI.

The e�ectiveness of the tracking algorithm begins to decrease with degrading SNR, or with

complicated hole geometry. Particularly in experiments with low assist gas pressure where the hole

is narrow and stronger re�ections return from the sidewalls of the hole, it loses some accuracy and

begins to underestimate the depth of the hole by as much as 30 µm. Nevertheless, it is still capable

of providing insight into the process and possible optimization as shown later. For QCW drilling,

proper interface tracking is more di�cult due to the complex re�lling process, and breaking up data

into the various phases of the machining cycle has signi�cant bene�ts (Fig. 4.8). The spread of

2Admittedly, the density of the data produced with ICI would probably not usually be required in practice, but if
small variations in etch rates were of interest, some kind of high density data would be necessary.



CHAPTER 4. OBSERVING MACHINING OF INDUSTRIAL MATERIALS 70

Figure 4.8: Results of the tracking algorithm overlayed on Fig. 4.5. The program successfully found
the interface in 98% of the axial scans in this segment of the image.

points around the bottom of the holes during the periods when the laser is on is a result of the

instability of the bottom of the hole and not an artifact of the �tting algorithm.

One of the primary practical bene�ts of this distilled imaging information is to quickly inform

process development as to the e�ects of various parameters on etch rate. Oxygen assist gas plays

a signi�cant role in laser micromachining with ns �bre lasers both in terms of the hole width and

as shown in Fig. 4.9, in the cutting rate. In this experiment, 7 holes were drilled with 104 760 µJ

pulses from the nanosecond �bre laser (only three of the pressures are shown for clarity). The

images are processed with the previously described technique and are decimated by a factor of 150

for greater clarity. While similar, di�erent gas pressure has several important e�ects. At early

times, the moderate gas pressure cuts faster perhaps because while some gas pressure aids material

removal, too high of a gas pressure hinders it[51]. At later times, higher gas pressures are associated

with greater hole stability (shot-to-shot variations in hole depth are smaller) and greater saturation

depths. The latter may be caused by improved delivery of O2 to the bottom of the hole or by overall

widening of the hole which allows the beam to penetrate deeper.

As a �nal example of a more sophisticated analysis that can be performed with ICI, I compare

the progression of 14 blind holes drilled in bulk stainless steel with 100 µs pulses from the QCW �bre

laser at various intensities. As was seen previously in Fig. 4.5, such drilling involves the opening of a

vapour channel some 100-200 µm length and subsequent re�lling between pulses. Over time, material

is removed and the melt oscillation progresses deeper. In this case, I wish to study how much progress

is being made from pulse to pulse, and I wish to remove the e�ect of the well-known relationship
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Figure 4.9: Comparison of several nanosecond MOFA cuts at di�erent pressures of O2. This set of
data has been decimated by a factor of 150 (i.e. measurements 1, 151, 301 ... are plotted) for greater
clarity. The ∼0 psi case refers to a barely audible �ow of gas which was intended to maintain the
chemical e�ect of oxygen assist while minimizing its mechanical e�ect.

between intensity and vapour channel length[53]. Since the melt relaxation can be highly stochastic

and is somewhat isolated from the bottom of the hole (and the proximity to perforation that might

be of interest in certain applications) I focus on the progression of the bottom of the vapour channel

during the pulse. To accomplish this, I run the imaging system at 300 kHz to produce about 30

measurements of the vapour channel per machining pulse (20 pulses in the whole sequence) and

select the mean of the �nal 5 measurements before the end of each pulse to represent the bottom of

the hole. To remove the intensity e�ect on the length of the vapour channel, I normalize all of the

depths to that of the �rst pulse. I then plot these results as a function of the accumulated �uence

to reveal an approximate square root relationship as shown in Fig. 4.10.

To the best of my knowledge, measurements of hole depth while the keyhole is open is not

possible by any other means for features of this size. Though one may be able to approximate this

data through a combination of sectioning, polishing and acid etching, as this plot consists of 280

data points, it would take approximately two working weeks for a skilled technician to produce the

equivalent data through those conventional means. By contrast, the direct analysis via ICI takes a

few seconds and produces superior data. It is my hope that these capabilities will be used in the

future to conduct more detailed studies of hole evolution that were previously not possible.
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Figure 4.10: Intrapulse hole depths relative to initial vapour channel length (i.e. initial vapour
channel length for each intensity is subtracted from the measurements; thus initial points all have
depths of 0 µm) for a variety of intensities (20 pulses per intensity) and �uences. Viewing hole
evolution in this way shows the actual progress of the drilling that is di�cult to separate from the
amplitude of the melt cycle.

4.3 Observations of percussion drilling in stainless steel foils

As a more detailed study, I used ICI system 5 to track drilling in thin (∼100 µm) 304 stainless steel

foils with a 1070 nm Yb:�bre laser (IPG YLR-100-SM). These experiments: 1) provide an indepen-

dent veri�cation (that would not be in�uenced by the optical e�ects of any plasma) of the depth

indicated by the ICI signal and 2) demonstrate that ICI is capable of single-sided breakthrough

detection, which is a potentially useful application in its own right[54, 55]. The foci of the imaging

and machining beams are coarsely imaged with a single objective (f = 25 mm) onto a fast InGaAs

photodiode (Thorlabs D400FC) to measure transmission of both beams upon perforation of the

sample. A coloured glass �lter (FGS900) and a re�ection from a dichroic mirror (transmits 1 µm)

are used in the beam path before the detector for protection and to attenuate the machining beam

relative to the weaker imaging beam so that both could be observed. Custom LabVIEW software

I developed is used to control data acquisition from the ICI system, translation of the sample and

triggering of the experiment timing via an external function generator (Tektronix AFG3022B). Pho-

todiode and timing signals are recorded with a digital phosphor oscilliscope (Tektronix DPO3034).

Samples of foil (∼2 by 2 cm) are tightly held by the edges and mounted distally from the nozzle
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tip and automatically placed within the center of the focal volume of the imaging beam using data

from the ICI system.

The foils are exposed to 3.5 ms duration pulses (approximately a rectangular time pro�le) from

the QCW �bre laser with energies in the range of 38 to 97 mJ which result in intensities in the range

of 6.22 to 15.7 MW/cm2 with a measured ∼19 µm (e−2 intensity diameter) spot. Oxygen assist gas

is applied via the co-axial nozzle (30 to 620 kPag before nozzle) with multiple e�ects: enhancement

of thermal power from oxidation, protection of the optics and removal of melted material from

the periphery of the hole as well as through the hole after perforation. An unstable threshold for

perforation is found at around 56 mJ and 60-120 kPag that results in occasional re�lling of the hole.

Increases in either parameter lead to more probable perforation and less re�lling. This unstable

region was the focus of most of these experiments because it yields rich dynamics (including re�ll) in

the ICI data that may be correlated with signals from the photodiode. Perforation can be observed

from three di�erent indicators: a loss of ICI signal at all depths for one or more axial lines, an

ICI signal emanating from a depth that is known to be below the rear interface of the foil and/or

transmitted light measured by the rear-mounted photodiode. For example, in Fig. 4.11, both signals

show a well-correlated (see red arrows) and dramatic change as a foil is perforated using a 56 mJ

pulse. At the point of perforation indicated by the photodiode, the depth indicated by ICI matches

the known thickness of the foil. The back wall of the foil then distends due to thermal weakening

(steel loses mechanical strength at high temperature) and the pressure inside the hole. Additionally,

side wall signals vanish from the ICI data which is consistent with the hole widening due to the rapid

clearing of melt from the hole as the assist gas �ows through the perforation. At 3100 µs, nearly

all the ICI signal is lost and the transmission diode is saturated, both indicating a clear, wide hole.

This was visually con�rmed after the experiment.

In a similar experiment (68 mJ, 100 kPag), I observed a very complex and unstable breakthrough

of the foil with ICI and the transmission photodiode (Fig. 4.12). Despite the increased pulse energy

relative to the previous experiment, the reduced gas pressure made clearing the hole more di�cult.

Consequently, between 1.8 and 2.6 ms after the beginning of the pulse, the foil is brie�y perforated

and then re�lled with melt at least 13 times before a more consistent channel through the metal is

formed. Once the laser pulse is terminated, the hole is completely re�lled by melt (verifed visually).
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Figure 4.11: ICI data (top) and corresponding transmitted power detection (bottom) during the
perforation of a stainless steel foil by a 56 mJ pulse and 120 kPag O2 assist gas. The horizontal
white dashed line indicates the thickness of the foil. When drilling reaches the edge of the foil
as inidcated in the ICI data, (∼2850 µs), some transmitted power is measured. With continued
exposure, the pressure from the assist gas and material vapourization distend the hot and weakened
metal on the back side of the foil as indicated by ICI signal below the foil edge (2850 - 3100 µs).
When this material is cleared (vanishes from ICI at 3100 µs), there is a strong rise in the transmitted
signal intensity.
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Figure 4.12: ICI data from a single pulse that is just on the threshold of properly drilling through
a steel foil. Cyclic instability is clearly evident.

Notably, strong correlations between the ICI and photodiode signal are observed (Fig. 4.13); each

time the hole closes, the back interface intensi�es in the ICI data and a rising interface (indicating

narrowing sidewalls) is seen until it suddenly vanishes as the hole opens again. These correlations

suggest that it is very unlikely that the changes in depth indicated by ICI are caused by an optical

e�ect of plasma in the hole.

I also performed similar experiments to give clear examples of the three distinct degrees of

perforation that I observed in the majority of the foil experiments: no perforation, perforation

followed by re�ll and full perforation. These tests were monitored only by ICI and used 5 ms

machining pulses with 620 kPag O2 assist gas. Perforation was controlled with the pulse energy

which varied from 46 to 308 mJ. Note that the longer pulse duration means that the focused intensity

of the beam for a given pulse energy is diminished relative to the previous experiments. Gently

perforating the sample is a sensitive task. The extreme low and middle-to-high pulse energies

produced uninteresting results; either the beam did not penetrate very far into the foil or perforation

ocurred in a few hundred microseconds leaving many milliseconds of excess laser exposure. In both

cases, ICI successfully observes the process, but the images are unremarkable and so they are not

shown here. The 70 to 100 mJ range was more interesting; perforation took longer and the resulting

ICI data make better descriptive examples. A 77 mJ pulse may penetrate some 80 µm into a foil
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Figure 4.13: Detailed view of highlighted region in Fig. 4.12. Multiple cycles of perforation and
re�lling are evident in both the ICI and transmission photodiode measurements.

but fail to perforate it (Fig. 4.14). Due to the instability of the process, the same pulse energy might

cause a perforation that is later re�lled as melt solidi�es in the hole (Fig. 4.15). At 100 mJ, the hole

is perforated and cleared in ∼3.5 ms as indicated by the ICI data (Fig. 4.16) and subsequent post-cut

visual inspection. In all three of these cases, it is interesting to compare the behaviour of the signal

at the bottom of the hole relative to the more super�cial interfaces. Though ICI primarily images a

single spatial dimension (depth), when the diameter of the imaging beam is similar to the diameter

of the hole (as it is in these experiments), some radial information is obtained. In all three of these

experiments, a middle interface tends to mirror the movement of the bottom of the hole. This e�ect

is subtle, but it is consistent with some of the dynamics that are suggested by models. When the

hole has not been perforated, a signi�cant portion of the removed material is �rst lique�ed and

then pushed up the sidewalls before reaching the exterior of the hole. As a quantity of material is

removed from the bottom in this manner, the sidewalls would constrict at shallower depths, causing

the apparent depth of the side wall signal to rise. However, a conclusive identi�cation of this dynamic

with ICI is not possible at this stage due to the lack of an independent veri�cation technique. It is

possible that future experiments utilizing high speed X-ray photography[56] will be able to provide

this.

Breakthrough detection has already found applications in controlling medical stent cutting and
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Figure 4.14: ICI data showing the failure of a 77 mJ pulse to perforate a stainless steel foil. The
horizontal dashed line indicates the thickness of the foil. Laser exposure is terminated at exactly
5000 µs after which the hole is mostly re�lled by melt.

aero engine fabrication. However, most existing breakthrough detection systems require optical

access to both sides of the sample. I have demonstrated that ICI is able to provide similar information

plus an advanced warning of when perforation is about to occur (permitting measures to be taken

if desired), all without the requirement for optical access to both sides of the sample. This is

particularly valuable in applications such as PCB via drilling where multiple metallized layers may

prevent transmission-based breakthrough detection sensors from functioning properly. Perhaps more

importantly, these experiments provide an external veri�cation of the ICI data, showing that (at

least for these conditions) the depth indicated by ICI is a result of true sample morphology and not

a transient optical e�ect.

4.4 Observations of low power laser keyhole welding

One of the primary bene�cial capabilities of ICI is its ability to directly measure the depth of a

keyhole weld while the keyhole is open. Though there are other real-time analysis techniques that

attempt to provide the same bene�t, they all require specialized sample geometries (usually welding

into the long dimension of a thin plate of metal) and, in some cases, ionizing radiation that together

restrict their practical use in production scenarios. This section demonstrates that ICI can be used

to measure weld depth both on microscopic and macroscopic length scales. Though I conceived the

initial idea for this study, the experiments were planned by me and research assistant Karen Yu
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Figure 4.15: ICI data showing the brief perforation of a stainless steel foil and subsequent re�lling.
Perforation is indicated by a loss of signal as the primary interface reaches the back wall. The
horizontal dashed line indicates the thickness of the foil. Laser exposure is terminated at exactly
5000 µs after which the hole is mostly re�lled by melt.

Figure 4.16: ICI data showing the full perforation of a stainless steel foil. Perforation is indicated by
a loss of signal as the primary interface reaches the back wall. The horizontal dashed line indicates
the thickness of the foil. Re�lling does not occur because ∼1500 µs of overdrilling (after initial
perforation) and assist gas �ow have cleared the nearby melt before laser exposure is terminated at
5000 µs. Note the anti-correlated motion of the bottom and middle interfaces which is consistent
with material transfer from the bottom to the sides of the hole.
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and performed by her with my apparatus just before her departure from our group and analyzed by

graduate student Nathan Ho�man and myself.

Microscopic keyhole welding is used in applications such as battery contacts, microelectronics and

medical devices in the form of spot, lap, butt and other weld types. A great deal of the complexity

of welding (particularly in micro applications) comes from proper clamping and joint preparation.

However, much of the laser-material interaction is suitably studied through a �bead-on-plate� weld

where a single piece of the metal in question is exposed to the laser and fed so as to simulate a weld

without the added complexity of a joint. In these experiments, we create bead-on-plate welds in

A240 stainless steel. In particular, we found that pulsed welding at repetition rate of 125 Hz and a

slightly defocused beam produced the most appealing welding results with our maximum available

feedrate of 3 mm/s (this work was done before the new processing stations were available). System

5 is co-axially aligned with the process beam and triggered synchronously in order to observe the

welding keyhole. Ten di�erent intensities from 1.4 to 5.2 MW/cm2 are used to create eleven di�erent

welds. In each weld, a region comprised of 50 welding pulses is measured by the ICI system and

later destructively sectioned. Fig. 4.17 shows ICI data of one example pulse from a sequence at

5.2 MW/cm2. As in previous CW data, a vapour channel grows rapidly until some quasi-steady-

state depth is reached as the power input from the laser is balanced against the mass feedrate of

the virgin metal. Clearly, ICI gives many measurements of depth which will not all agree with the

single measurement that results from cross-sectional analysis. As destructive testing measures the

maximum extent to which the base metal has melted, we hold that the best comparison between

that and ICI is to choose the deepest point that is measured by the imaging system for each of the

50 pulses and look at their statistical distribution.

After creating the welds, the samples are sectioned and polished along a plane transverse to

the material feed axis so as to reduce the challenge of accurately sectioning and polishing along a

longitudinally aligned plane. The samples are then electro-etched with oxalic acid and 6 VDC for

a few seconds and measured under a co-axially illuminated microscope. This is the �gold standard�

for analysis of features of this kind. As the width of the melted zone produced by each pulse is

larger than the distance travelled between pulses, the relaxed level of the material indicated by ICI

is not necessarily the vigin level of the base metal, and so a distinction between the virgin and re�ll
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Figure 4.17: ICI data taken at 300 kHz of pulsed (duration = 2 ms) keyhole welding with a 100 W
QCW �bre laser at 1070 nm. Green points indicate the tracked location of the keyhole depth during
the pulse. The green arrow indicates how the depth for a given pulse is chosen by the deepest
registered point for each pulse. Nathan Ho�man produced this �gure.

depths is made by red and blue bars respectively in Fig. 4.18. In practice, this distinction is usually

ignored, but we do it here for completeness. This whole process is repeated three times for each of

the eleven welds that were analysed for a total of 33 transverse cross-sections.

ICI and the cross-sectional measurements are compared in Fig. 4.19. For low intensities, welding

is in a conduction mode and forms no keyhole to measure with ICI (though a slight surface distur-

bance is present in the images). Once a proper keyhole is formed at intensities above 2.5 MW/cm2,

agreement between ICI and cross-sectioning is excellent (approximately at the resolution limit of the

ICI system).

The �nal two points (at 5.1 MW/cm2) demonstrate that destructive testing is more closely

correlated with ICI than the weld itself is repeatable. This is very important since for destructive

testing to be useful for quality control in a production environment, it must be assumed that the

analysed parts are su�ciently similar to the �nished parts so as to be a good representation of

the output from the line. In practice, the variability between parts must be accounted for and

conservative choices made such that even when sampled parts are passing destructive analysis tests,

any outlying un-measured parts will not lead to critical loss in functionality or safety. If 100%

inspection of welds is possible, then these conservative choices may be relaxed. Though this data

alone will not be enough to convince an industry, if ICI can be accepted as a replacement for the
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Figure 4.18: Transverse cross-section (polished and etched with oxalic acid) of a keyhole weld as
viewed under co-axial illumination microscopy. Red and blue arrows respectively show the depth to
virgin surface and depth to re�ll level measurement standards used for comparison to ICI. White
scale bar is 100 µm. Nathan Ho�man captured this image which was annotated by me.

majority of destructive cross-sectioning, it will represent signi�cant labour savings and potential for

new quality assurance and real-time control applications.

4.5 Observations of kW-class laser keyhole welding

Using the higher power variant of system 6 attached to the macroprocessing system discussed in

section 3.9 (including the kW �bre laser), I have extended the capabilities of ICI to include depth

monitoring of welding with average powers/intensities and material feedrates that are more relevant

to larger scale industrial manufacturing than the previous section. Before these experiments, there

was concern within our group and the community that the higher welding laser power and plasma

e�ects would prevent us from seeing the bottom of the weld keyhole. However, even with the

sensitivity penalties from the decreased imaging power (SLD vs. Ti:Sapphire laser) and stock (not

optimally coated) optics in the beam delivery head of the macroprocessing station, we are clearly

able to see the depth of welding over a few millimetres and at average powers more than ten times

what we accomplished with the smaller �bre laser in the previous section. The initial data in this

section is produced by me, but the �nal two �gures were produced from work done by industrial

collaborator Florian Hanschmann, summer student Alison Kinross and post-doctoral researcher Cole

Van Vlack.

As an initial test, a bead-on-plate weld is created with a feedrate of 50 mm/s and an incident
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Figure 4.19: Comparison of pulsed weld depth measurements via transverse cross-section and ICI
for various intensities at 3 mm/s feedrate. Error bars indicate the high/low depth measurements
for the cross-sections and the standard deviation of the deepest point in each pulse for the ICI
measurements. Nathan Ho�man and I analyzed the data in this �gure.

power of 800 W on an approximately top-hat shaped spot diameter of 200 µm (I=5.1 MW/cm2), and

observed with ICI system 6 and the beam delivery system discussed in Sec. 3.7 and 3.9 respectively.

In addition to a very large dynamic range (utilizing more than the full 60 dB available to the

system), the weld is highly turbulent, causing many areas in which signal from the bottom of the

weld is abruptly lost. These conditions require special consideration for proper display. When the

number of lines with low signal outnumber those with high signal, rendering ∼105 axial lines onto

a computer display or print media with ∼103 or less transverse display elements without paying

close attention to exactly how this mapping/averaging/decimation is accomplished by the rendering

software may cause poor results as the high SNR regions are equally blended with low SNR data.

A substantial improvement in image quality can be obtained from many stock image renderers (e.g.

imagesc in MATLAB) by selecting the brightest point for each depth bin over a grouping of 50 or 100

axial lines. Additionally, dynamic attenuation of lines with very high signal (e.g. from the unwelded

virgin surface) allow better use of the 24 dB that is available in most computer display systems. A

�nal correction that may be applied is to remove sample tilt by adding a linear depth o�set function

that serves to enforce that the virgin surfaces of the plate before and after the weld are at the same

depth in the image. Fig. 4.20 shows the resulting ICI data with all corrections applied, including a

depth-biased moving average that serves to indicate the bottom of the weld. Due to the turbulence

in the keyhole, re�ections are registered from many depths (ICI's ability to image multiple depths
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Figure 4.20: A 15 mm long CW laser weld in stainless steel at 800 W average power and 50 mm/s
feedrate. A custom tracking algorithm attempts to follow the boundary of the weld. The imaging
rate is 230 kHz. The red line is a moving average biased to the deepest signal that exceeds a certain
threshold.

independently from one another is very important here), but in all cases we have seen, there are

abrupt local depths below which no signals are registered that seem to correspond well with the

depth of the weld. It bears noting that Fig. 4.20 contains two artifacts that should be ignored.

First, at times before 0 and an apparent depth of 600 µm, there is a signal that originates from a

second harmonic in the interference pattern that is generated by clipping on the camera from the

very strong re�ection of the virgin surface. Second, there is a faint, mostly horizontal line that is

caused by a multiple re�ection in the stock dichroic optic in the beam delivery head. In both cases,

it is very easy to distinguish the true signal from the artifacts either manually or automatically.

It is also of interest to be able to image abrupt changes in welding that may be the result of

changes to the process parameters. As an extreme example, in Fig. 4.21, the power of the �bre laser

is quickly modulated between 1090 W and 550 W power settings during a weld in stainless steel while

being observed with ICI. The corresponding modulation in weld depth is clearly evident. Despite the

transitions between laser power levels taking only a few tens of microseconds, the material system

is much slower to react and reach steady state, particularly when transitioning from low to high

power. Also, there is a marked di�erence between the nature of the signals at the two power levels.

At lower powers, signals are much more dense with a relatively �at bottom, while at higher powers

the opposite is true. While a certain amount of the signal loss could be attributed to the light

propagating through a longer vapour channel, increased turbulence and keyhole instability are the
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Figure 4.21: A CW laser weld at 50 mm/s while cycling the average laser power between 550 and
1090 W. Adaptive dynamic range compression and intensity-selective downsampling of the image
are used to enhance image quality. Manual scrubbing of the image is used in some regions to reduce
the appearance of multiple re�ection and �xed pattern noise artifacts. Regions that contain signal
originating from the material are unchanged.

primary culprits.

Over shorter timescales, Fig. 4.22 shows that ICI is still able to track the formation of the

vapour channel during the �rst few milliseconds of the weld from Fig. 4.21. We see a constant,

linear descent to about 700 µm before an abrupt change in velocity and signal consistency occurs.

This is a clear transition in welding behaviour, but the exact cause is not fully understood. The

most important factor is likely the vapour channel length. This determines where the majority

of the laser power is being delivered and the pressure being exerted by surface tension forces. If

the surface tension force becomes too great, the keyhole will momentarily collapse. In the 1-2 ms

region, successive measurements of the keyhole bottom alternate between higher and lower levels

(indicating instability) before the 2-3.5 ms region where we see the �rst complete loss of the bottom

of the keyhole. While imaging light is still striking the sample and re�ecting from it, the imaging

system does not detect the material location due to the motion artifact caused when the depth

changes abruptly during the integration time. In this way, loss of SNR by itself may be an indicator

of instability in the weld.

Because of the arrangement of the axes of ICI data, longitudinal cross-sections are the most

natural comparison. However, accurately aligning the section plane to the plane that the laser beam
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Figure 4.22: The initial descent of the vapour channel in the �rst ∼6 ms of Fig.4.21. The vapour
channel formation appears to be a two-stage process with an initial, deterministic and linear descent
followed by a more turbulent and slower descent after ∼1 ms.

passed through during the weld is very challenging. Proper alignment and comparison requires �ve

spatial parameters to be correct: two degrees of freedom in each of polish �atness and tilt alignment

(better than 1:400 in-plane variation is required) as well as polish depth. Usually, getting the �nal

parameter requires several iterations of polishing, etching and imaging before a �nal comparison of

the images to determine which polish plane was closest to the center of the weld. Nevertheless, with

the assistance of an external materials analysis lab, industrial collaborator Florian Hanschmann

and undergraduate student Alison Kinross produced a longitudinal cross-section of a bead-on-plate

weld that was measured by ICI as it was initially created. The ICI data was analyzed by post-

doctoral researcher Cole Van Vlack and the brightest point with an SNR of at least 30 standard

deviations above the noise �oor was selected as the depth for each measurement and plotted overtop

the tiled microscope image of the section of the weld in Fig. 4.23. Alignment of the two data sets

was accomplished with two o�set parameters (start points in X and Y), but the scales in time and

position are independently determined from calibration of the instruments. Besides the excellent

agreement between the two methods, a few features bear noting. First, it is evident that the

resolidi�ed metal begins before and ends after ICI indicates the weld is located. This is entirely due

to thermal conductivity; ICI measures the keyhole and cannot see through the layer of liquid metal

that surrounds it. Second, at slow feedrates of 20 mm/s, thermal conductivity is fast enough to cause

a large transverse broadening of the melt pool that creates additional pressure on the keyhole. As a

result, the depth of the weld decreases at later times. This is clear from the ICI data in this series
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of experiments even when sample tilt is taken into account. It is also present in the longitudinal

polish, demonstrating that ICI is capable of detecting this weld defect without the labourious work

of an accurate cross-section. Third, there are a handful of points indicated by ICI to be below the

melted zone after the 20 mm mark. These are generated by detector saturation from the highly

re�ective metal, after the machining laser has turned o�. Finally, the primary disagreement between

the cross-section and the ICI data starts at around the 600 ms mark as ICI appears to overestimate

the depth and gets progressively worse towards the end of the weld. However, the cross-section also

shows a steadily broadening interface between the resolidi�ed and virgin metal zones, indicating that

the polish is gradually slipping out of alignment with the center of the weld. A transverse section

of a similar weld shows a sharp tip to the resolidi�ed zone of the weld with an approximate 2:1

aspect ratio which would be di�cult to align perfectly to during a long transverse polish. As such,

the disagreement between the section and ICI is more likely due to imperfections in the polish than

a problem with the ICI technique3. Subsequent polish attempts with better geometric landmarks

show this to be true.

As an additional veri�cation, several bead-on-plate welds are measured with ICI and analysed

with transverse sections. Due to the higher turbulence of the weld at higher powers and our inability

to accurately locate the transverse section relative to the ICI data, an exact match is not expected.

Nevertheless, the ICI and cross-sectional data are closely correlated once keyhole welding begins

shortly before an intensity of 1 MW/cm2 is reached.

In sum, this section has demonstrated that ICI can be extended to the kW-class regime and

thus may be able to play an important role in macroprocessing applications. An area of future

study that should be pursued is in attempting to correlate ICI signals with porosity formation. It

is not expected that ICI will be able to directly observe porosity since it forms and solidi�es after

the laser beam has passed, but there may exist characteristic oscillation patterns in the keyhole

that are indicative of porosity formation. Deep melt pool thermo-mechanical oscillations may be an

interesting phenomenon to study with ICI. The ability to recognize and track these patterns presents

an opportunity for synchronous or anti-synchronous driving via the machining beam or other energy

sources that might have powerful e�ects on porosity and/or material removal.

3Accurate longitudinal polishing would be even more di�cult for microwelding due to distortion in the part from
the applied force during polishing.
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Figure 4.23: Comparison of longitudinal cross-section and tracked ICI depth measurement of a weld
in mild steel. Note that the microscope image is tiled from two separate exposures at about 12.5 mm.
Welding speed is 20 mm/s and incident power is 1080 W. Ar cover gas is used from a widebore co-
axial nozzle. Weld porosity is evident, particularly in the �rst 5 mm. This �gure was produced by
Cole Van Vlack and Alison Kinross.
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Figure 4.24: Transverse cross-section etched with oxalic acid of a weld similar to the one shown in
Fig. 4.23. Small red scale bar is 100 µm. The approximate 2:1 aspect ratio of this feature means
that it is di�cult to accurately measure weld depth in longitudinal cross sections. This picture was
taken by Alison Kinross.

Figure 4.25: Comparison of weld depth measurements with transverse cross-section results at various
intensities at a material feedrate of 60 mm/s. The highest intensity corresponds to the full average
power of the �bre laser. ICI measurements are taken manually from the images with an accuracy of
±50 µm. This �gure was produced by Alison Kinross.
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4.6 Observations of percussion drilling in silicon

Silicon is a widely used material with many important processing requirements. The drilling of

so-called �VIAs� is a preparatory step before connecting one level of the system to another level by

�lling the hole with a conductive material. It is therefore of interest to observe silicon drilling with

ICI. As the optical index of silicon is approximately 3.5, it generates a strong re�ection that is easy

to detect with an ICI system. Its melt dynamics are very di�erent from metals, but of particular

interest is its transparency to infrared imaging light employed in system 4. The transparency of

the material means that not only can the drilling depth be directly measured, but so can the

remaining amount of material. I percussion drilled 250 µm thick silicon wafers with the HighQ

picosecond laser to demonstrate this. The resulting ICI data in Fig. 4.26 shows that the drilling

process has three distinct stages to it: a fast, linear stage, a second much slower stage and then

the acceleration of the process just before perforation. This multi-stage process has been since

con�rmed by Döring's transmission imaging technique[20]. The dynamics they observe may explain

the apparent broadening of the bottom interface between 700 and 2700 ms in the �gure. At all

times, signi�cant sidewall signals are registered as the imaging beam is approximately the same size

as the feature being machined.

More importantly, this �gure demonstrates our ability to sense the back wall of the silicon wafer

before perforation occurs. In the �gure, a subsurface interface appears to rise and meet the primary

machining front. ICI measures optical path length and is thus a�ected by the index of refraction of

the medium. Material removal above an interface reduces the optical path length to the stationary

subsurface features. The ratio of the slopes (Eq. 4.1, l-apparent depth of subsurface feature, x-hole

depth) gives a direct measure of the e�ective index of the material being removed (n).

dl

dt
= (1− n)

dx

dt
(4.1)

Below the top subsurface interface is another line in the image that follows the former's path

at half its rate. As the hole is being drilled, imaging photons can traverse through the hole and

backre�ect through the bulk silicon or vice-versa. The second line represents these photons. This

is perhaps a novel way of measuring optical index, though it is almost certainly inferior to existing

techniques. A better application lies in the ability to guide cutting, drilling, welding or other
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Figure 4.26: Ultrafast ablation and perforation of a silicon wafer with the HighQ picosecond laser
at 1 kHz as imaged with system 4. Imaging at 1.3 µm permits imaging below the ablation front (A)
and down to the back wall (initially at D). As silicon is removed and replaced with air, the optical
path length to the back wall decreases, causing it to appear to rise in two distinct signatures at B
and C depending on the speci�c path of the photons. For B, the photon travels through the air
inside the hole there and back. For C, one of the trips is through the air and the other is through
the bulk silicon. For D, both trips are through the bulk silicon.
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processes to within certain stand-o� distances from subsurface features when the locations of those

features are not known with su�cient accuracy a priori. The usefulness of this is demonstrated in

further detail later in Ch. 6.



Chapter 5

Control of Industrial Laser Machining

This chapter covers e�orts to �close the loop� in percussion drilling of stainless steel and is divided

into three sections. Closed-loop control is one of the most important capabilities that ICI may

ultimately o�er the �eld. While other techniques may sometimes provide more information about

transverse behaviour or have higher temporal resolution, they are limited to specialized materials

and restricted sample geometries. ICI is applicable to virtually any sample geometry and material

and may therefore be useful as a feedback mechanism in production environments. The �rst section

of this chapter shows an initial attempt at manual feedback for percussion drilling adapted from

an Optics Letters paper[30] performed by then summer student Joe Yu. The second describes an

approach to image processing that is well suited towards low-latency data processing. This is then

used in the third section of this chapter for the very �rst demonstration of fully automatic feedback

control of laser machining with inline coherent imaging.

5.1 Manual feedback control of percussion drilling with ICI

The high material removal rates and variable melt �ow in QCW drilling limit the precision of blind

hole cutting. In situ imaging provides the necessary information to allow manual feedback to correct

this problem. We use the QCW �bre laser to drill eight holes in 304 stainless steel with identical

92
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Figure 5.1: Side view of 3D surface topography of holes cut without feedback (A) and with manual
feedback (B). Volumes above and below the surface correspond to air and steel respectively. Scale
bars are 100 µm (both axes).

process parameters (10 mJ, 100 µs) and image them ex situ using the same coherent imaging back-

end with a separate imaging head (XY galvanometer scanning and an 18 mm Thorlabs LSM02

telecentric objective) to capture 3D topography (see system 1 in Sec.3.3). A side view (additive

orthogonal projection) of the holes (Fig. 5.1A) shows a mean depth of 320 µm with a standard

deviation of 120 µm. Eight more holes are drilled with the same laser pulse parameters except pulse

number. Feedback from the in situ imaging system guides the cut to a target depth of 320 µm

(Fig. 5.1B). Standard deviation of the hole depth is reduced by over an order of magnitude (to

∼10µm) with feedback control. Here, we correct the machining process by manually changing the

number of incident pulses; control via other parameters and automatic feedback are also possible.

5.2 Homodyne �ltering for real-time automatic control

To use ICI as a real-time automatic feedback method, processing must be able to run at least as fast

as data acquisition. In biological imaging, processing methods (usually interpolation and FFT) must

calculate the re�ected intensity from all the depths within the FOV to form an image. By contrast,

an anticipated role for ICI-based feedback systems will be to trigger a change in the machining

system (e.g. terminate emission) once a certain depth has been reached. In this case, calculating

the re�ectivity from all the depths is excessive. In this section, I demonstrate a simple and e�cient
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software method for ICI data processing that we call homodyne �ltering. This approach can be faster

and more �exible than traditional OCT image processing methods by compressing the vast majority

of the image processing chain into a single matrix/vector product to extract only the information

that is needed for feedback.

Starting with a desired depth, z, and using Eq. 2.1 with calibration data from the spectrometer

to convert k to pixel number on the detector, one can back-calculate a synthetic interferogram as

it would be measured in the ideal case. This calculation can be completed a priori and does not

contribute to the real-time computing load. Even though the synthetic interferogram is cast in

discrete non-linear points, it still retains its orthogonality properties with real fringe patterns. By

homodyne mixing the synthetic interferogram with the raw data from the camera, the signal from the

desired depth can be extracted. Note that since the exact phase of the measured interference signal

is unknown a priori, both in-phase and quadrature components of the synthetic interferogram must

be calculated and mixed with the measured signal. Programmatically, it may be easier to represent

the synthetic interferogram in complex form (i.e. exp (ik (n) ∆z) where k (n) is the pixel number to

wavenumber calibration function), particularly for the purposes of dispersion compensation which

will be discussed below. To demonstrate the homodyne �lter, we apply it to the spectrometer data

used in Fig. 2.5, choosing a 200 µm target depth (indicated by a dashed line in Fig. 5.2). The �lter

response shows a clear, high SNR response at the moment the machining front passes through the

depth (Figure 3 bottom).

I will return to the discussion of feedback control from homodyne �ltering towards the end of

this section and in section 5.3, but right now it bears mentioning that homodyne �ltering is also

applicable to generalized/full image processing. By applying multiple �lters at multiple depths

of interest (e.g. at spacings equal to half the axial resolution across the system's �eld of view),

entire images or parts thereof can be reconstructed from the interference data without FFT or

interpolation/resampling. The �delity of the data produced by homodyne �ltering has been veri�ed

against the standard biological imaging code (background subtraction, cubic spline interpolation,

FFT, noise �oor equalization) by comparing processed results from imaging data taken in a variety

of situations, including static interfaces, moving mirrors, percussion drilling and biological samples.

The de�nitive comparison of processing methods is to contrast the resulting PSFs from real imaging
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Figure 5.2: An example homodyne �lter response (bottom) for a single depth indicated by the white
dashed line in the M-mode image (top).
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Figure 5.3: Homodyne �ltering compared to FFT processing with cubic spline and linear resampling
methods.

data. Fig. 5.3 clearly shows that homodyne �ltered data not only meets the same SNR, sharpness and

symmetry as FFT + resampling approaches, but it also virtually eliminates interpolation artifacts

(long trailing shoulders beside the primary lobes) that degrade local dynamic range at larger path

length separations.

The homodyne �ltering algorithm also has important bene�ts for image processing in situations

where dispersion has not been perfectly eliminated (or sometimes intentionally introduced) from

the interferometer. For instance, in an industrial application, it may be undesirable to provide

�nely adjustable physical dispersion compensation for the variations between di�erent systems in

the �eld. In Sec. 2.3, I discussed how dispersion mismatch degrades axial resolution and sensitivity

in coherent imaging systems by changing the optical path length for each part of the spectrum.

Since this e�ect is deterministic for a given thickness and type of dispersive medium, it is possible

to model and predict the resulting interferograms simply by adding the appropriate multi-order,

wavelength-dependent phase shift (φ2,3 (k (n))) into Eq. 2.1. In complex exponential form we write

the homodyne �lter waveform as follows:

HF (n,∆z) = exp
(
ik (n) ∆z + iφ2,3 (k (n))

)
(5.1)

Interferograms produced by this formula, in my experience, retain their orthogonality and abil-

ity to process images. Furthermore, unlike other digital dispersion compensation approaches, the
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homodyne �lter allows for the dispersion compensation to be di�erent at each depth (important in

cases where the sample itself is dispersive and optimum resolution is required) and, unlike other

popular approaches[40], adds zero additional computing load after initialization. In practice, the

0th order (in k) phase shift has no e�ect and 1st order phase shift is physically compensated for by

changing the length of the reference arm (essentially adding nondispersive OPL), therefore only the

2nd and sometimes the 3rd order terms need to be considered, hence φ2,3 (k). If the mismatched

dispersive medium is known, these phase shifts may be obtained by calculating the dispersion from

Sellmeier equations (the thickness of the material should be measured and/or adjusted iteratively)

and then subtracting a linear �t of the dispersion in k space to retain the higher order terms. Fail-

ing to subtract the linear component will cause interfaces to appear at the wrong position, as if the

reference arm length was improperly adjusted. Using the Sellmeier equation approach ensures that

the relative proportions and signs of the 2nd and 3rd order dispersive terms will be correct, giving

only the thickness as the variable to optimize. If the mismatched medium is unknown, then these

dispersive terms can be added iteratively �rst by optimizing image sharpness on order 2 alone (since

it is likely the most signi�cant) and then performing a multivariate optimization on the two terms.

Once the dispersion coe�cients are optimized, they can be used to improve all future images taken

with a particular optical set-up.

To demonstrate, I place 12 mm of SF66 glass into one of the arms of the interferometer of system

5 to create an extreme dispersion mismatch evident by the dotted blue PSFs in Fig. 5.4. Through the

procedure I have just described, I digitally compensate the dispersion to produce the much sharper

red PSFs on the negative side of zero-delay where the re�ecting interface is located. Notably, the

PSFs broaden signi�cantly on the other side of zero delay because their phase relationship with

the synthetic waveforms is no longer orthogonal. However, this presents an important contrast

mechanism that may be used to resolve the complex conjugate ambiguity described in Sec. 2.3. The

reason this works is that the dispersive medium creates a de�ned phase rotation across the measured

spectrum, giving us the ability to simultaneously observe in-phase and quadrature components of

the interference signal generated by the main phase shift in the interferometer. These concepts have

been explored extensively by Hofer et al. to create more sophisticated (but computationally costly)

dispersion-encoded full-range imaging systems [37] with suppression ratios for the mirror terms that
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are su�cient for good quality biological imaging. The peak signal intensity of the interfaces on the

correct side are enhanced by ∼10 dB, which is poor compared to other full-range approaches used

in biological imaging. However, in materials processing, we typically have isolated high-contrast

re�ecting interfaces and so the vastly di�erent sharpness of the peaks on either side of zero delay is

su�cient for recognition and location by a simple processing algorithm. Therefore, for the purposes

of ICI, the homodyne �ltering algorithm can be used to provide full-range, dispersion compensated

imaging capability for no additional computational cost over the base algorithm. There are, however,

a few non-idealities that bear noting. First, with the zero delay point located now in the middle of

the imaging range, small changes in the DC (not fringe) power arriving at the detector can cause

large variations in an inconvenient location. While a stable light source can aid this somewhat, the

large variability of sample re�ectivity may practically limit the ability to fully compensate for this

artifact. Second, adding the dispersive medium typically increases the range of fringe frequencies

measured by the detector. This means that some portions of the detector will begin to see fringe

contrast degradation/sensitivity loss at shorter path length separations than they would have in

the fully dispersion-matched case. Finally, both of these e�ects may potentially be ameliorated by

careful engineering of the added dispersion mismatch. I have made no attempt to optimize this (I

used whatever glass was at hand). Again, Hofer et al.'s work[57] would be a good starting point for

future investigations of this nature.

In image processing, large bu�ers of data are usually favoured from a computation standpoint

because they minimize the e�ect of computational overhead/hardware interrupt latencies and allow

for parallel calculation. In particular, graphics processing units (GPUs) have been shown to o�er

high processing speed for algorithms similar to ours [58]. GPUs are particularly well suited to matrix

multiplications (homodyne �ltering can be represented in this way), and, for the small number of

samples (i.e. the inner dimension of the matrix product) produced by our high speed hardware, I

have realized signi�cant processing speed improvements over CPU processing. In Fig. 5.5, I compare

the rate at which axial lines are processed in MATLAB 2011b using the Jacket libraries (Accelereyes

Inc.), an Intel E8500 processor and a GTX570 (nVIDIA Inc.) GPU. This comparison shows the

signi�cant dependence of GPU processing speed on bu�er size. It also demonstrates that homodyne

�ltering is signi�cantly faster than even linear interpolation + FFT when implemented in MATLAB
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Figure 5.4: Digital dispersion compensation (red-solid) is used to improve axial resolution and
sensitivity over un-compensated processing (blue-dotted) after 12 mm of SF66 glass is introduced
into one arm of the interferometer of system 5. Both sides of the zero-delay point are plotted showing
that dispersion can be used to discriminate between negative and positive path delays.

regardless of whether or not a GPU is used. Cubic spline interpolation methods are several orders

of magnitude slower (not shown). Some of the di�erence between homodyne and interpolated FFT

methods may be explained by poor implementations of interpolation codes in MATLAB, but even

when no interpolation is used (such results are not of su�cient quality for imaging), the homodyne

approach is still faster. It is expected that, as the number of samples increase, the speed advantage of

homodyne �ltering will diminish, though not to the point suggested by Vergnole et al.'s comparison

of the similar DFT-Vandermonde matrix methods[59] which seem di�cult to reconcile with the

results I present here.

For real-time image processing of data with more than one spatial dimension, data bu�ers of sev-

eral hundred spectra or more may be acceptable as the results from these spectra are used/displayed

in parallel. However, for real-time feedback applications, results are used in series as it is generally

desired to minimize the time between when a measurement is taken to locate the current depth in

the material and when the system responds to that information. Thus, the �exibility of homodyne

�ltering allows us to restrict processing to a (potentially dynamic) subset of depths of interest (e.g.

a single depth as shown in Fig. 5.2) to realize enormous performance gains, particularly at very

small bu�er sizes as shown in Table 5.1. Further performance gains may be obtained by processing a
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Figure 5.5: Processing speed comparison between several approaches using 576 samples per axial
line and various bu�er sizes. These measurements do not include the time required to transfer data
on and o� of the GPU.
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Bu�er size
(A-lines)

Spline interpolation
+ FFT (IF) speed

(klps)

Homodyne �lter
(HF) speed (klps)

Relative speed
(HF/IF)

2 x 105 .77 451.2 588
2 x 104 5.096 522.2 102
2 x 103 4.596 555.6 121
200 1.861 794.0 427
20 0.241 746.0 3097

Table 5.1: Processing performance comparison (klps = thousands of spectral lines per second) for a
576 sample spectrum using homodyne �ltering with a single depth of interest and full cubic spline
image processing on a CPU in MATLAB 2008b[1].

reduced number of sample points (not shown) at a cost of reduced imaging resolution and sensitivity.

This may actually be favourable for feedback control in cases where the process is moving so quickly

that there is a chance of it �skipping� the width of the �lter's depth of interest between samples.

In summary, the homodyne �lter approach o�ers substantial �exibility for coherent image pro-

cessing and speci�cally real-time control from ICI. The many permutations of depths of interest, axial

resolution, spectral shaping, output shaping (e.g. noise �oor equalization), depth-dependent disper-

sion compensation and full-range encoding can all be pre-calculated into lookup tables that can be

dynamically called upon to suit changing signal processing demands on microsecond timescales. The

ultimate image processing and feedback control system would employ these lookup tables on �eld

programmable gate arrays (FPGAs) to provide real-time processing and feedback signals to elements

of laser processing systems without the parasitic e�ect of interrupt latencies on Intel architecture-

based PCs.

5.3 Fully automatic feedback control of percussion drilling

with ICI

With streamlined processing and image registration algorithms, fully automatic depth feedback

control from ICI data becomes possible. As a straightforward initial implementation and to compare

performance to the manual approach described in Sec. 5.1, we repeat the same experiment, but

with the ICI system continuously measuring depth (simply by locating the depth from which the

maximum signal is obtained) and controlling the output of the QCW �bre laser to stop when a
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Figure 5.6: Cumulative intensity projection of a 3D OCT image of holes percussion drilled with
open-loop (�xed pulse number, top) and closed-loop control from ICI (bottom) into bulk stainless
steel. Red circles are intended as guides to the eye to emphasize the bottoms of the holes in the open
loop case. Scale bars are 200 µm. These experiments were conducted by undergraduate student
Kevin Mortimer under my supervision.

target depth of 250 µm is reached. With the current hardware, analysis and response rates of nearly

4 kHz can be obtained. The average number of laser pulses required to drill these holes is recorded,

and, immediately following their completion, a second set of holes is drilled with a constant number

(equal to the previous average) of pulses. The two sets of holes are again compared via topology

scanning from a 3D-OCT system and additive depth projections of the 3D tomographs are plotted

in Fig. 5.6. The open-loop holes (Fig. 5.6 top) have a substantially larger distribution in their depths

when compared to the holes drilled under real-time control (Fig. 5.6 bottom).

In addition to improving machining consistency, the ability to overcome inaccuracies caused

by stochastic melt relaxation during percussion drilling makes it possible to program and realize

large grids of holes of varying depths without substantial process development and without the use

of expensive ultrafast lasers. To demonstrate, we programmed an ascending/descending staircase

pattern with 30 µm steps into the ICI drilling controller and allowed the system to �exibly demand

exactly enough pulses from the laser to achieve the desired geometry1. The pattern was later

analysed by a 3D-OCT system (a B-mode image of the pattern is shown in Fig. 5.7) after very careful

alignment of the holes to the scanning axis. These results clearly show an excellent reproduction of

the programmed design.

1Summer student Kevin Mortimer wrote parts of the software and performed the experiments that drilled these
holes.
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Figure 5.7: B-mode image of the programmed hole pattern drilled with real-time ICI feedback
control. Algorithms for dynamic range compression and optical path length distortions caused by
o�-axis scanning of the telecentric lens are employed in this image. To better utilize the dynamic
range of the system, this image was acquired with the zero-delay point of the interferometer near
the bottom of this image. Note that this image is scaled di�erently in X and Y as indicated by the
two scale bars that are each 250 µm.

The feedback control systems demonstrated in this section perform their measurement and anal-

ysis between laser pulses. This basic capability opens a wide range of applications for conventional,

long-pulse lasers that were previously dominated by the deterministic cutting capabilities of more

costly ultrafast lasers. Later in Sec. 6.2, real-time ICI guidance and ultrafast machining lasers are

combined to provide full 3D programmability and feedback control. The next development in real-

time feedback from ICI will be shortening the open loop response time by eliminating PCI bus

interrupt latencies. FPGAs (including those integrated onto frame grabber cards such as the NI

PCIe-1473R) and other real-time processing hardware will be valuable in this e�ort. With open

loop response times shorter than the laser pulse durations themselves, intrapulse corrective action

will be possible if problems are detected. Finally, the development of more sophisticated image

recognition and tracking algorithms will be important for real-time guidance relative to features

inside the image/material itself rather than relative to the optical system as is done here.



Chapter 6

Observation and Control of Laser

Machining of Tissue

As coherent imaging has seen much development as a medical imaging modality, ICI guidance and

observation have important applications in surgery. Guidance of percussion drilling in bone and

subsequent sparing of thin layers of tissue are demonstrated in Sec. 6.1. Further guidance and ex

situ veri�cation of tissue sparing to based on natural morphology landmarks will also be shown

in the second section. The cross-sectional analysis performed for this work also serves as further

veri�cation of the ICI measurement. Finally, full 3D ablation control in bone is demonstrated in

Sec. 6.2.

6.1 Preliminary investigations

This section is adapted from a 2010 conference proceeding submitted to the Optical Coherence

Tomography and Coherence Domain Optical Methods in Biomedicine at SPIE BiOS/Photonics

West[41]. This is the premiere global conference at which to present advances in OCT and related

technologies such as ICI. As our �rst investigation into observation and control of bone cutting with

ICI, it forms an important basis for the rest of the chapter.

104
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6.1.1 Introduction

A key issue in laser surgery is the inability for human operators to accurately control laser exposure

while cutting/ablating delicate tissue layers. Automatic and real-time feedback control of cutting

depth is generically applicable to di�erent areas of laser surgery. Precision cutting or ablation at

interfaces of tissue with vastly di�erent optical, mechanical, and thermal properties is of particular

interest to neurological, orthopedic, ear-nose-throat, and laparoscopic surgeons. Unlike corneal laser

surgery, these surgical specialties are mainly concerned with non-transparent, optically turbid tis-

sue types with heterogeneous tissue properties on the microscopic scale, where detailed and precise

a priori opto-thermal characterization is not feasible. The resultant non-deterministic tissue cut-

ting/ablation process greatly hinders the use of lasers during such surgeries. For example, several

authors have recently highlighted that practical laser osteotomy (surgical procedure to cut bone) is

severely limited by a lack of laser depth control[60, 61]. The potential bene�t of precise removal

of tissue may provide signi�cant clinical impact in this and other areas of surgical oncology and

implantation.

In this section, we forward-image through the laser machining front in compact bone to monitor

the laser ablation process. A sudden, unpredictable onset of machining, ablation rates and ablation

e�ciency are observed in the resulting images. Inline imaging is also used to track the incision's

approach to subsurface interfaces and provide feedback to stop the drilling process within 150 µm of

a targeted interface. This is accomplished by combining the high temporal and spatial resolution of

ICI with robust, turn-key, high brightness �bre lasers. Cross-talk between the imaging and intense

machining light is avoided by the wavelength �ltering, optical coherence gating, and electronic gating

inherent to the ICI approach used here. The high sensitivity of the imaging systems permits imaging

through the rapidly changing beam path even with the additional scattering caused by the thermal

cutting process.

OCT has been used to monitor changes to biological systems caused by laser radiation including

4 Hz frame rate imaging of aortic ablation[62], 5 Hz imaging of tooth ablation[25], and Doppler

imaging of laser thermal therapy[63]. In this section, we integrate independent imaging systems

with ytterbium �bre lasers that demonstrate turn-key and low cost operation. Machining light

is delivered by optical �bre from a sealed unit that requires no user intervention for continuous
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operation.

6.1.2 Imaging dense bone ablation

Co-axial imaging of laser machining processes with ICI provides useful information for measuring

critical parameters for process development, such as etch rate and morphology relaxation, in indus-

trial materials. In cutting tissue such as bone, ICI has similar bene�ts. To demonstrate, we use an

ICI system (system 5) based on a 100 fs modelocked Ti:AlO3 oscillator @ 805 nm (Coherent Mira

900) broadened in optical �bre (system 5). With a high speed CMOS spectrometer and �bre based

Michelson interferometer, the imaging system provides < 5 µm axial resolution (in air) and >100 dB

sensitivity measured at 150 µm with a 1.5 µs (measured) integration time at a maximum line rate

of 312 kHz. Images are processed in LabVIEW on 4 cores of a PC using background spectrum

subtraction, Gaussian spectral shaping, cubic spline interpolation, FFT and noise �oor equalization.

For machining in these experiments, we use a 100 - 200 ns (FWHM) nanosecond �bre laser (IPG

YLP-100-30-30-HC) with an average power at the sample of 23 W at 1070 nm and repetition rates

from 30-80 kHz. The machining and imaging beams are aligned via a dichroic mirror and focused

together via a single 50 mm achromatic lens. Fibre collimators are chosen such that both imaging

and machining focal diameters are approximately 20 µm (e−2 intensity) with depths of focus of 500

and 340 µm respectively. Having the same imaging and machining spotsizes reduces sidewall signals

(discussed later) and simpli�es the images. The imaging and machining light are delivered co-axially

through a 500 µm diameter gas nozzle ori�ce (nozzle to sample surface separation 1 mm) that delivers

N2 gas at 2 bar to provide cooling, protection of the optics and suppression of combustion.

Washed and desiccated transverse sections of bovine ribs serve as convenient samples of thick,

compact bone. The imaging system and machining pulse trains are asynchronously triggered as

holes are percussion drilled into the samples in a direction transverse to the marrow axis. The

ICI data show that the cutting behavior is characterized by initial periods of little to no material

modi�cation followed by a rapid change in the sample and the sudden onset of cutting at 10 mm/s.

In Fig. 6.1, an example section of ICI data shows this sudden onset after 143 000 machining pulses

and the approximately linear progression of the hole thereafter.

The number of machining pulses required to initiate cutting varied from 102 to 106 on the same
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Figure 6.1: ICI data from laser cutting of bovine rib bone. Subsurface structure appears static
during exposure to the initial 1.43x105 pulses, followed by a sudden onset of machining with an
approximately linear etch rate.

bone sample. This is attributed to the large degree of heterogeneity in the tissue sample. Small

variations in absorption and thermal resistance in the bone (from the presence of blood vessels,

etc.) may create thermal �nucleation� sites where initially slow changes in residual moisture or

carbonization lead to runaway increases in optical absorption and cutting. The variability in onset

would likely be reduced for an ablation light source producing a centre wavelength with a short

absorption depth in the tissue. In any case, in situ monitoring of the area of the sample exposed to

machining light provides a direct readout of the onset of ablation.

Once cutting is initiated, material removal is roughly linear with pulse number. Several sub-

surface interfaces appear to rise and meet the primary machining front. ICI measures optical path

length and is thus a�ected by the index of refraction of the medium. Material removal above an

interface reduces the optical path length to the stationary subsurface features. The ratio of the

slopes (Eq. 4.1, l-apparent depth of subsurface feature, x-hole depth) gives a direct measure of the

e�ective index of the material being removed (n). Here n is found to be 1.5 in close agreement with

past reports of 1.530 for similar tissue[64]. These features can provide useful information for guided

cutting as discussed below.

Due to the stochastic nature of the onset of ablation, measuring per pulse or per �uence cut

rates using conventional ex situ methods would be very di�cult. Nevertheless, these parameters
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Figure 6.2: Material etch rate and removal e�ciency in bovine rib bone due to exposure from the
nanosecond �bre laser (constant average power 23 W). Error bars indicate the standard deviation
of the results.

are important information for engineering surgical equipment and procedures. With ICI, these

measurements are straightforward and the information is available immediately after (and, in fact,

during) the process requiring no further modi�cation of the samples. As a demonstration, we drill

23 holes into ribs at four di�erent repetition rates, keeping average power constant (23 W). Simple

inspection of the ICI data yields the resulting cut rates (Fig. 6.2 with error bars indicating 95%

standard deviation con�dence intervals). Though ablation is achieved through thermal processes,

material removal is not simply dependent on average power. For example, in Fig. 6.2 (left), etch rate

increases by only 50% when pulse energy is almost tripled. Another way of showing this result is to

consider the e�ciency of material removal per unit incident light. Often it is desirable to reduce the

light exposure without sacri�cing cutting speed. We observe increased material removal e�ciency

by increasing the repetition rate of the ablation laser source. Explained in simple terms, pulses with

half the energy but twice the repetition rate are more e�ective at ablation than pulses with twice

the energy but half the repetition rate. This suggests that intrapulse e�ects such as shielding from

plasma generation/ejecta are reducing material removal and greater e�ciency could be obtained

from further increasing the repetition rate.

6.1.3 Guided cutting

To demonstrate the versatility of the technique in guiding cutting, we used a portable SDOCT

system based on a coupled SLD pair (system 4) (1320 ± 35 nm) and re�ective grating spectrometer

with InGaAs photodiode array. Use of this spectral band permits deeper imaging in bone, at the
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expense of speed and resolution. Once integrated into the micromachining platform, the system has

a 14 µm axial resolution, 30 µm transverse spotsize (e−2 intensity) in air. The large imaging beam

width is used to collect morphology information from both the bottom of the incision as well as

the surrounding tissue as discussed below. The system has a 98 dB sensitivity measured at 300 µm

with 10 µs integration time and 7 mW incident on sample. The axial line rate is detector limited

at 47 kHz. Images are processed in LabVIEW on 4 cores of a PC using background spectrum

subtraction, linear interpolation, FFT and noise �oor equalization.

The machining source used here is a 100 W (maximum average power) QCW �bre laser (IPG

YLR-100-SM) at 1070 nm that is pulsed via TTL command to emit 300 ns FWHM (measured)

duration, 230 µJ pulses incident on the sample at a repetition rate of 47 kHz with a focused spot

of 23 µm (e−2 intensity diameter). Though the pulse FWHM is measured to be 300 ns, the shape

is highly asymmetric with a total duration of approximately 3 µs. Longer duration pulses that

correspond to a simpler pulse shape were also explored but resulted in degraded cut quality and

reduced reproducibility.

Both imaging and cutting beams are co-axially aligned via a dichroic mirror and focused together

via a single 50 mm achromatic lens. Imaging is electronically controlled to trigger asynchronously

with laser exposure to provide the maximum delay between laser exposure and imaging. Though

the tissue has not relaxed to equilibrium between pulses, the delay improves imaging contrast by

minimizing fringe washout from fast changing interfaces.

The tested sample is cortical bone extracted from the spinous processes of the bovine lumbar

vertebrae. To create thin sections of bone suitable for this proof of concept, a 1 mm diameter water

cooled drill bit is used to hollow out small sections of the sample leaving approximately 600 µm of

bone sitting above a ∼1 mm air gap. The bone/air interface provided an ideal target interface for

machining.

ICI observation of the bone during laser exposure shows the progress of the machining front as

a function of machining pulse. Fig. 6.3 shows machining where the laser exposure is controlled to

achieve perforation into the air gap (left) and to stop the incision before perforation (right). Like the

previous work, the onset of material removal proved to be highly variable, e.g., taking 400 pulses in

Fig. 6.3 (left), and only 50 in Fig. 6.3 (right), likely due to the nonuniformity of the top bone layer,
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Figure 6.3: ICI data of laser cutting of multilayer bone sample. (Left) two groups of 1000 pulses
cause perforation into air layer showing next bone layer (depth 1.7 mm). (Right) Application of 7
groups of 200 pulses results in cutting stopped 150 micron before penetration. Imaging (47 kHz)
continued after cutting to show material relaxation after drilling. Annotations (intended as guides
to the eye): MF- Machining front; SI � Subsurface interface; AI � Air interface; BW � Back wall; P
� Point of perforation; LO � Machining laser o�; AG � Air gap; SB � Spared bone.

as well as the nondeterministic nature of the onset of damage in CW machining. Once machining

is initiated, it progresses with a well de�ned rate until perforation (Fig. 6.3 left), and the secondary

bone layer becomes visible. Some obstruction of the imaging beam causes shadowing of subsurface

structure, but tissue striations are clearly visible, with the most pronounced discontinuity due to the

bone/air interface. As described earlier, the striations below the machining front appear to move

upwards during material removal.

Scattering from above the machining front is observed in all images. This comes from scattering

from the sidewalls of the hole. We use an imaging beam width larger than the machining beam

to allow monitoring of sidewall modi�cations, thus achieving some degree of transverse information

without lateral scanning. Lateral scanning is also done in situ (see below) but at the expense of

reduced imaging rate. After laser exposure is terminated (pulse 2000 in Fig. 6.3 left, pulse 1400 in

Fig. 6.3 right), the sample relaxes and sidewall and subsurface features become static. Variation

in scattered light during machining arises due to changes in surface morphology as well as fringe

washout for fast moving interfaces. Note that in ICI, interfaces that move more than half the

wavelength of light during the sensor integration time will su�er reduced contrast[39]. This motion-

induced artifact may be preferable over time-domain or swept-source variations of OCT where other

fast moving interfaces will appear at incorrect depths, thus making tracking the incision problematic.
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Figure 6.4: In situ B-mode OCT image of bone before (left) and after (right) drilling. The two
clear holes show the lower bone interface, while the middle hole (corresponding to Fig. 6.3 right)
was drilled to stop 150 µm before the air gap. The spared bone thickness is highlighted with red
brace brackets. Back walls seen through holes corresponding to those in Fig. 6.3 (left) are labeled
BW.

By translating the sample, B-mode images of the drilling site before and after processing were

obtained. Since in situ imaging is automatically aligned with the hole axis, deep imaging in high

aspect ratio (>20) holes is straightforward. B-scan images of the bone before processing (Fig. 6.4

left) and after three holes are machined (Fig. 6.4 right) are shown. The middle hole clearly shows

the spared bone (red brace brackets in Fig. 6.4 right) above the air gap. The other two holes are

through holes, showing the air gap and scattering from the lower bone layer. Increased scattering

from the sidewalls of the holes caused by tissue modi�cation in the thermal cutting process does

reduce the penetration depth of the imaging light, obscuring deeper features.

Applying these forward looking coherent imaging capabilities, we have achieved tracking of ma-

chining in hard tissue over millimeter length scales with several orders of magnitude greater temporal

resolution than has previously been reported. We demonstrate that real-time imaging permits accu-

rate cutting in tissues in which little a priori information is available and which may have a highly

stochastic response to machining energy. This development is an important step towards �ne control

in hard tissue surgical procedures, particularly in the vicinity of sensitive organs such as the nervous

system.
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6.2 Automatic Real-Time Control in 3D

The ability to do real-time feedback control of machining with depth information is a key promise

of ICI. Section 5.3 demonstrated how feedback is able to improve the accuracy and simplicity of

percussion drilling of holes in metals. In this section, full 3D guidance of bone ablation with a

picosecond UV laser is presented. The experiments were conducted and analysed by summer stu-

dents Logan Wright and Chris Galbraith, new graduate student Yang Ji and myself. Post-doctoral

researcher Cole Van Vlack and I prepared the software that implimented the 3D control. This com-

bined challenge of material heterogeneity and transparency is an important test of the capabilities

of the system and the feedback software.

For imaging, system 5 is used with a low cost SLD light source and aligned co-axially with a

focused beam (20 µm e−2 intensity diameter) from a 355 nm, 6 ps light source (Passat Compiler

355). The SLD's narrow bandwidth (compared to the broadened source from the Ti:AlO3 oscillator)

underutilizes the spectrometer, but it functions well for this application without any modi�cation.

The machining laser delivers 50 µJ pulses to the sample at a maximum rate of 400 Hz.

The controlling program is written in LabVIEW and given the spectrometer calibration, back-

ground spectra, and desired sample geometry as input data. The motion system is raster scanned

over the target area and con�gured to emit electrical pulses with high precision at de�ned spatial

intervals via the included PSO hardware. These pulses trigger acquisition from the imaging system

and the resulting data is processed (linear interpolation, FFT) and the measured geometry compared

to the programmed design. If the comparison reveals that the depth is shallower than desired, a

laser pulse is triggered via a digital DAQ output from the computer. The analysis and triggering

process takes less than 500 µs. With a linear scan rate of 4 mm/s, the measurement-pulse separation

is approximately 2 µm, which is acceptable due to its insigni�cant size relative to the diameter of

the machining beam's e�ect.

An inverted square pyramid with 50 µm steps and a 1.5 mm outer border is programmed into the

controller and the result is shown in Fig. 6.5. Despite the natural inclusions and pores in the bone,

guidance from the ICI system allows for �at and consistent ablated surfaces with no evidence of excess

cutting beneath the natural voids that would be present if uniform �uence was used instead. This

result is unique because it required virtually no process development after the initial con�guration
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Figure 6.5: An inverted rectangular pyramid etched into bovine cortical bone with a 6 ps 355 nm
laser under real-time control from ICI. Each depth step drops by 50 µm. Note the natural channels
and pores as sectioned by the process. This was our �rst attempt at creating this geometry. The
red scale bar is 1.5 mm. This sample was produced by Chris Galbraith and Cole Van Vlack. The
image was created by me. Due to the low repetition and material removal rate of the laser, this
shape took > 4 h to complete.

of the system. Replicating the result in a di�erent sample (or any material that is ablatable by the

laser) or changing to a di�erent design (e.g. the Archimedian spiral pyramid designed in Fig. 6.6

and realized in Fig. 6.7) therefore requires no additional con�guration other than the programming

of the design itself.

The scanning electron micrograph (SEM) shown in Fig. 6.7 reveals the raster scan lines of the

pattern. This non-ideality could be corrected by using a sparse or random scanning pattern, but it

may require signi�cantly more signalling complexity between the process controller and the motion

Figure 6.6: Computer generated design of the desired surface pro�le for the spiral shown in Fig. 6.7.
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Figure 6.7: An SEM image of a rising Archimedian spiral feature etched into bovine cortical bone
with a 6 ps 355 nm laser under real-time control from ICI. Maximum height of the feature is 250 µm.
Note the natural channels and pores as sectioned by the process. This was our �rst attempt at
creating this geometry. Due to the low repetition and material removal rate of the laser, this shape
took > 4 h to complete. This SEM image was taken by Chris Galbraith and modi�ed by me.

system. Additionally, though it is di�cult to see from these images, areas with step changes in design

depth tend to be overdrilled as the higher edge tends to produce a larger signal which causes the

control system to underestimate the depth and demand more laser pulses than ought to be applied.

Despite these limitations (which could be overcome with further sophistication), these results are

the �rst demonstration of three-dimensional real-time control of laser processing with ICI. Future

work will aim to reduce the response time and add more sophisticated image registration algorithms

that will permit guidance based on historical data and simultaneous multiple signatures from the

images.
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Conclusion

Inline coherent imaging is a promising advanced manufacturing technology that has gone from being

a laboratory curiosity in 2007 to being used by industry to solve problems today. I conceived the

initial idea, and have since designed and built several generations of imaging systems. With my

colleagues, I have validated and demonstrated several applications for ICI in process analysis and

feedback control in industrial and medical sectors. The technology has gained the interest of the

academic community as evidenced by the many publications, invited talks at international confer-

ences (SPIE PW, COLA, HPLA, CLEO, ICALEO), awards (NSERC CGS-D, PARTEQ Atherton

Entrepreneurship Award, OCE Martin Walmsley Fellowship) and grants (NSERC I2I, NSERC SPG,

OCE POP) we have received. Furthermore, industrial relevance is demonstrated through our col-

laboration with PARTEQ, �led patents, ongoing discussions with and visits from potential receptor

companies, and the �eld demonstration of the portable, low cost system at various industrial sites.

My work with ICI constitutes a signi�cant, novel contribution to science and engineering, and, as

such, satis�es the research requirements for my degree program. The full potential of ICI remains

unrealized and there is still signi�cant work to be done by my successors. In particular, there are

valuable contributions yet to be made in understanding the nature of the motion artifact (for all

variants of low-coherence imaging systems) with very fast (> 1 m/s) interfaces, subsurface ablation

control, latency reduction for real-time feedback and registration algorithm improvement. Though

our comparisons to ex situ analysis are very favourable, future work will also have to correlate ICI
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with other dynamic imaging systems in order to identify their relative strengths and weaknesses. I

look forward to participating in the future research, development and commercialization of inline

coherent imaging.
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