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Abstract

Laser processing has the advantage of minimal sample contact and thus little tool

wear over time compared to conventional machining. However, this leads to the diffi-

culty of real-time depth monitoring and control. To help understand the process and

achieve automation of laser micromachining, a coherent imaging technique adapted

from spectral domain optical coherence tomography (SD-OCT) is applied “inline”

with a machining laser to monitor the depth changing information. The axial resolu-

tion of the inline coherent imaging (ICI) system is 7–8 µm and the acquisition rate

is up to 230 kHz. The capture time is as low as 1.5 µs.

3D laser machining usually requires ultrafast lasers and homogeneous materials.

With ICI, a feedback system is developed for 3D sculpture suitable even for hetero-

geneous materials without any sophisticated material characterization. 3D patterns

with sizes up to 1 mm × 1 mm × 0.2 mm are sculpted in bone and wood with a ps

UV laser. 3D patterns with sizes up to 6 mm × 6 mm × 2 mm are sculpted in bone

with a CW IR laser.

Many laser applications require high scan speed facilitated by scanning optics. The

versatility of ICI is also demonstrated in a galvo-telecentric beam delivery system.

ICI is used in a process of trench (as long as 10 mm) etching of steel to monitor

the intrapulse and interpulse morphology changes as well as the sweep-to-sweep (up
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to 36 sweeps) depth changes. High scan speed (up to 375 mm/s) trench etching of

silicon are also monitored and the parameter space is explored without destructive

post-processing.

Motion during imaging capture time (>1.5 µs) may cause contrast degradation.

To reduce the motion artifacts, preliminary experiments on stroboscopic ICI based

on a kHz pulse repetition rate femtosecond laser are described. By “sampling” the

motion of the machining front discretely with a “sampling time” as short as the

imaging pulse duration, our results demonstrate that stroboscopic ICI is a promising

way to improve the ICI contrast against motion artifacts.
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Chapter 1

Introduction

The significance of the invention of lasers in the 1960s can hardly be overestimated.

Lasers are different from other light sources since they emit light coherently. Being

spatially coherent, a laser can be focused to a small spot to achieve high flux density,

enabling machining applications. Due to “light amplification by stimulated emission

of radiation”, a laser can offer high average power. Examples of powerful CW lasers

for machining include CO2 lasers [53], solid state rare earth lasers (such as Nd-YAG

lasers [20]), Erbium-doped fiber lasers and diode lasers [42]. Recent technology has

pushed the average power of these lasers to kW level [43, 56, 32]. Instead of simply

increasing the average power, another trend in laser processing is high machining

precision with high peak power and short pulse duration. Q-switched (first demon-

strated in 1962 [45]) lasers produce pulses with tens of nanoseconds duration and

many kilowatts peak power. Later mode-locked lasers achieved pulse durations on

the order of femtoseconds or even attoseconds with a peak power of tens of gigawatts.

The high peak power offers small heat affected zones due to a different ablation

mechanism [27, 11]. Pulsed lasers have thus been applied to micromachining with
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some recent examples including patterning of graphene [41] and tissues [6], cellular

micro-dissection [16], nanosurgery [74], and nanofluidic devices [34]. The versatil-

ity, precision and tool-wear-free properties of laser machining have triggered great

interests in monitoring, modeling and controlling of the laser machining processes.

The non-contact property of laser machining also makes the monitoring of the

depth changing during machining challenging. Post-cut analysis, besides being time-

consuming and destructive, studies accumulated effects instead of directly monitoring

transient processes [33, 40, 21]. Pump-probe ultrafast imaging techniques can only

image events outside materials [29] or inside transparent materials [28] but have limit-

ed capacity to image high aspect ratio machining of opaque materials such as metals.

Instead, the solution of our group is to measure the travel distance of an imaging

beam which is aligned “inline” with the machining beam to reach the workpiece at

the same spot. Since the light travels extremely fast, indirect methods have to be

applied to measure the time of flight of light. The solution is interferometry. Though

interferometry is a relatively old technique, with the invention of lasers and the optical

fibers, it offers new important applications with one recent example widely applied

in biomedical imaging—optical coherence tomography.

Optical coherence tomography (OCT) was first developed to acquire cross-sectional

images of biological samples in 1991 by David Huang et al.[30]. In 1993, it was first

demonstrated to capture in vivo 3D images for displaying retinal structures [17, 61].

There are many versions of OCT developed over the last 20 years. The earliest

was time-domain optical coherence tomography (TD-OCT) [30, 26, 25] in which the

reference arm is translated longitudinally to scan the “coherence gate”. The low co-

herence property of the broadband imaging source means that in the sample only
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the cross-section, whose optical path length difference with the reference arm is with-

in the coherence length, can contribute to the interference pattern. With a similar

time-domain principle, linear OCT (L-OCT) encodes different reference arm lengths

in spatial domain to be captured by a linear sensor array, requiring no reference arm

movement [24]. Another OCT technique, Fourier-domain optical coherence tomogra-

phy (FD-OCT) requires no moving reference arms and has a better sensitivity. It was

first developed in 1995 [18]. Two main variants of FD-OCT have emerged: SS-OCT

(swept source OCT) and SD-OCT (spectral-domain OCT). In SS-OCT, different

wavelengths are temporally encoded. The laser sweeps though different wavelengths

periodically to be captured by a fast single photodiode [10]. In SD-OCT, different

wavelengths are spatially encoded. The spectrum of the laser is resolved in space by

a spectrometer whose maximum line rate can exceed 300 kHz [54]. The information

of the full depth scan can be captured within a single exposure. As shown in this

thesis, the high speed of SD-OCT enables us to monitor the laser machining process

in real-time.

The technique developed by our group, inline coherent imaging (ICI), uses the

sample arm of SD-OCT “inline” with the machining beam and automatically resolves

multiple interfaces during the laser machining process. In 2007, an early version of

the in situ depth monitoring was used for the real-time depth profiling of the ultrafast

micromachining of stainless steel at scan rates of 46 kHz by analyzing the processing

beam backscatter [67]. In 2010, using a different imaging light from the machining

light, ICI was used for observing sample morphology changes at 24 kHz during and

between percussion drilling pulses and the blind hole depth precision was improved by

over one order of magnitude by manual feedback [69]. The capacity of ICI in controlled
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3D laser machining in heterogeneous materials and its applications in scanning optics

beam delivery systems have not been investigated in detail. These are the author’s

research focuses and the main content of this thesis.

Chapter 2 describes the background of laser machining and coherence imaging

techniques. Chapter 3 details the experimental apparatus the author builds and uses

with his coworkers. Chapter 4 is about the automatic 3D laser processing. With

the real-time depth information, closed-loop feedback control system was developed

and used for 3D sculpting in heterogeneous materials without sophisticated material

characterization. Spirals with sizes up to 1 mm × 1 mm × 0.2 mm (length × width ×

depth) were sculpted in bone and wood with a picosecond ultraviolet laser. A Bessel

function and a screw pattern (up to 6 mm × 6 mm × 2 mm) were sculpted in bone

with a kW CW infrared laser, each within 1.5 hours. This has the significance to

achieve laser machining automation. In Chapter 5, I describe the ICI system applied

in a scanning beam delivery system. Our system has a transverse scanning range of

10 mm × 10 mm (limited by the transverse position mismatch of the imaging and

machining foci due to dispersion) and an axial resolution of 7–8 µm. It was used for

monitoring the etching of a 10 mm long trench in steel to resolve the intrapulse and

interpulse morphology changes. The sweep-to-sweep (as many as 36 sweeps) depth

changing information was also collected which may help further feedback control. To

test different materials, high scan speed (as fast as 375 mm/s) etching of a 5 mm trench

on silicon were also monitored. Without destructive post-processing, the parameter

space was explored and analyzed with the ICI data. The results indicates that within

a certain parameter range, a slower scan speed provides a higher etch rate for etching

a trench with a certain length. Chapter 6 presents the LabVIEW programs the author
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wrote for instrument control, data acquisition, processing and analyzing. Finally, in

Chapter 7, some preliminary experiments about the supercontinuum generation and

the stroboscopic ICI based on a kHz pulse repetition rate femtosecond laser were

described. An octave spanning (at least 500 nm - 1026 nm) supercontinuum was

achieved in free-space and an over 815 nm - 1026 nm supercontinuum was achieved

in fiber. In an experiment of kW laser welding of steel, by “sampling” the motion

of the machining front discretely with a “sampling time” as short as the imaging

pulse duration, the stroboscopic ICI produces better contrast compared to continuous

illumination. Stroboscopic ICI is therefore demonstrated to be able to reduce the

motion artifacts and improve the contrast of ICI.
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Chapter 2

Background

2.1 Laser Processing and Techniques to Monitor

Laser Machining Processes

Throughout history, we see that every time mankind mastered a new form of energy,

there was a revolutionary advance in industrial productivity [60]. The invention of

the lasers in the 1960s marked a new epoch in the human endeavor to master light.

Lasers are different from other light sources since they emit light coherently. Being

spatially coherent, a laser can be focused to a small spot to achieve high flux density,

enabling machining applications. Due to “light amplification by stimulated emission

of radiation”, a laser can offer high average power. Examples of powerful CW lasers

for machining include CO2 lasers [53], solid state rare earth lasers (such as Nd-YAG

lasers [20]), Erbium-doped fiber lasers and diode lasers [42]. Recent technology has

pushed the average power of these lasers to kW level [43, 56, 32]. Nowadays, laser

processing is widely used in cutting, drilling, welding, bending and forming [55, 47].
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Instead of simply increasing the average power, another direction is the laser

machining with high peak power and short pulse duration. Q-switched lasers, first

demonstrated in 1962 [45], sometimes known as giant pulse formation lasers, produce

pulses with tens of nanoseconds duration with many kilowatts peak power. Later

mode-locked lasers achieved a pulse duration on the order of femtoseconds or even

attoseconds with tens of gigawatts output power. The high peak power offers small

heat affected zones (HAZ) due to different ablation mechanisms [27, 11]. With high

precision, laser processing has been applied to micromachining with some recent ex-

amples including patterning of graphene [41] and tissues [6], cellular micro-dissection

[16], nanosurgery [74], and nanofluidic devices [34]. The versatility, precision and tool-

wear-free properties of laser machining have triggered great interests in monitoring,

modeling and controlling of the laser machining process.

Many techniques have been applied to study laser machining processes. Post-cut

analysis, besides being time-consuming and destructive, studies accumulated effects

rather than directly resolving transient processes [33, 40, 21]. Pump-probe ultrafast

imaging can only image events outside materials [29] or inside transparent materials

[28] but has limited capacity to image high aspect ratio laser machining of opaque

materials like metals. There have also been several groups reporting real-time depth

detection techniques. Matsunawa et al.[44] and Abt et al.[2, 8] applied an X-ray sys-

tem to in-situ diagnostics of laser-based processes. X-ray cameras are very expensive

and the machining site has to be close to the side of the sample, which must also

have tracer materials added to it before machining. Döring et al. reported an IR

side-viewing method to monitor hole shape evolution during ultrashort pulse laser

drilling, but it is limited to IR-transparent materials like silicon. Both side-viewing
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methods are not feasible for large scan area in two transverse dimensions. Mezzapesa

et al. reported diode laser self-mixing interferometry for depth detection with single

interface tracking resolution of 0.41 µm in 2011 [12]. (Our definition of resolution,

the closest distance between two distinguishable interfaces, is different.) They later

reported simultaneous measurement of displacements of two predesigned targets [46].

However, it is history-dependent and once the signal is disturbed due to the material

ejection, the depth information is lost. Tracking a real machining process resolving

multiple interfaces, to the best of our knowledge, has not been reported with this

method. During the author’s research related to this thesis, Schmitt et al. described

an inline process metrology system with scanning optics in 2012 based on our early

work [58] and later applied it to automated process initialization [57] by measuring

the depth after the machining of every layer but it has not been reported to monitor

the laser machining process in real-time.

Our technique, inline coherent imaging (ICI), is based on spectral-domain optical

coherence tomography techniques which will be discussed below.

2.2 Coherent Imaging Techniques

ICI combines the sample arm of the Michelson interferometer of optical coherence to-

mography (OCT) “inline” with a machining laser beam and simultaneously resolves

backscatter from multiple depths along the laser processing beam path. OCT was first

developed to acquire cross-sectional images of biological samples in 1991 by David

Huang et al.[30]. In 1993, it was first demonstrated to capture in vivo 3D images

for displaying retinal structures [17, 61]. There are many versions of OCT developed

over the last 20 years. The earliest was time-domain optical coherence tomography
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[30, 26, 25] in which the reference arm length is temporally encoded by being longitu-

dinally scanned. The low-coherence property of the broadband imaging light source

means that in the sample only the cross-section, whose optical length difference with

the reference arm is within the coherence length, can contribute to the interference

pattern. The imaging data of this method can be easily processed and it is relatively

straightforward to implement. However, it has a moving mechanical reference arm

which limits the imaging speed. In high-speed TD-OCT, a rapid scanning optical

delay line can achieve a 13 kHz line rates[73]. With a similar time-domain principle,

linear OCT (L-OCT) encodes different reference arm lengths in spatial domain to

be captured by a linear sensor array with a set-up analogous to that of the Young’s

double slit experiment, requiring no reference arm movement [24]. With the down-

conversion of the spatial frequency of the fringes, the number of sensors required was

reduced [35]. However, L-OCT suffers from low sensitivity [35].

Another OCT technique, Fourier-domain optical coherence tomography (FD-OCT)

requires no moving reference arms and has a better sensitivity. It was first developed

in 1995 [18]. Two main variants of FD-OCT have emerged: swept source OCT (SS-

OCT) and spectral-domain OCT (SD-OCT). In SS-OCT, different wavelengths are

temporally encoded. The laser periodically sweeps through different wavelengths at

different times to be captured by a single fast photodiode [10]. In SD-OCT, different

wavelengths are spatially encoded. The spectrum of the laser is resolved in space by

a spectrometer which can have a line rate over 300 kHz [54]. In SD-OCT, since the

noise is distributed over the whole spectrum at the same time, it is demonstrated

to have a better sensitivity than TD-OCT [72, 37]. The high speed, high sensitivity

and high precision of SD-OCT enables us to monitor the laser machining process in
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real-time and we apply it to ICI.

2.3 Spectrum Domain Coherent Imaging Theory

The basic design of a free-space version of SD-OCT is shown in figure 2.1. It imple-

ments a Michelson interferometer with a broadband light source (a CW SLD or an

ultrafast laser) and a spectrometer to resolve fringe pattern in the Fourier domain.

Figure 2.1: SD-OCT design. The light source is a superluminescent diode (SLD).

We label the amplitude of wavevectors (which are resolved in the spectrometer)

that the broadband imaging source generates as k, depths of the i-th interfaces on

the sample as zi, the reference arm optical length as zref , the intensity of the sample

beam with wavevector k reflected by the sample interface at zi and then reflected
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by the dichroic mirror as Isam(k, zi), the intensity at wavevector k of the reference

beam reflected by the reference arm mirror and then transmitted through the dichroic

mirror as Iref (k). Normally the Isam(k, zi) term is small and thus we can neglect the

interference between different interfaces in the sample arm (when not negligible, this

contributes to the autocorrelation artifact to be discussed below). Thus the intensity

at k detected by the spectrometer is:

I(k) = Iref (k) +
∑
zi

Isam(k, zi) + 2
√

Isam(k, zi)Iref (k)cos(2k(zi − zref )) (2.1)

Note that in the equation above, all the z’s are optical path lengths and the k is

the amplitude of the wavevector in vacuum. Thus for conditions when the sample

arm interface is in a non-opaque material, the depth should be corrected with the

refractive index of the material. The last term in equation 2.1 is the interference

term to introduce a fringe pattern in the frequency domain. Normally, the reference

arm intensity Iref (k) is subtracted as a background and the sample arm intensity∑
zi
Isam(k, zi) is relatively small (if not small, will give a DC bright interface at z

= 0 as illustrated in figure 6.5). As an example, if an SLD has a Gaussian shape

spectrum with a center wavelength of 864 nm and a FWHM bandwidth of 70 nm, an

interface at a depth of 20 µm yields a fringe pattern (numerically simulated and after

background subtraction) as shown in figure 2.2.
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Figure 2.2: Spectral domain interference pattern of a single sample arm interface at
the depth of 20 µm.

As the depth difference between the reference arm and the sample arm increases,

the spatially-encoded Fourier domain fringes have higher spatial frequency and so the

depth of field is limited by the spectral resolution of the spectrometer (another factor

to limit the depth of field is the Rayleigh range of the imaging laser). The SNR will

fall off with increased sample depth since one pixel in the line camera detects a quasi-

rectangular portion of an optical frequency range instead of a single frequency [23, 76].

The fringe pattern in the spectral domain will be Fourier transformed to acquire an

A-line (A for amplitude) showing 2
√
Isam(z)Iref as a function of z which contains

the depth information (data processing is described in detail in Chapter 6 and one

example is illustrated in figure 3.8). A normalized A-line (numerical simulation) from

the fringe in figure 2.2 is shown in figure 2.3.
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Figure 2.3: An numerically simulated A-line computed from the spectrum fringe pat-
tern when there is a single sample arm interface at 20 µm. The shape is
a point spread function (PSF) with its mirror image which comes from
the complex conjugate ambiguity (discussed later).

The full width at half maximum (FWHM) of the point spread function of an A-line

is defined as the OCT axial resolution. It characterizes the closest distance of two

distinguishable interfaces. Different from most optical imaging methods, the axial

resolution of OCT is dependent on the coherence length of the imaging light source,

decoupled from the transverse resolution (how tightly the beam can be focused onto

the sample). A source with a Gaussian profile spectrum centered at wavelength λ0

with the FWHM bandwidth of ∆λ yields a theoretical axial resolution of [14]:

∆z =
2ln2

π

λ2
0

∆λ
(2.2)

During an experiment, normally a series of A-lines are collected sequentially. If

the laser and the sample are fixed in transverse direction, different A-lines correspond

to different times. The intensity graph of the signal intensity vs. time vs. depth

is plotted as an M-mode (M for motion). One example is shown in figure 2.4. One
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mirror is placed at the depth of 400 µm and the mirror moved to the depth of 800

µm at the speed of 1 mm/s between about 100 ms and 500 ms. 2000 A-lines are

collected sequentially (500 µs per A-line). The little ripples at the beginning and the

end of the motion are due to the acceleration and deceleration processes. Often in

OCT literature, the greyscale is not provided since only the features and the contrast

are important. In my M-modes and B-modes (to be discussed later), the greyscale

is in dB showing the intensity of the sample arm backscattering relative to the noise

floor (the root mean square (RMS) of the noise). Due to the narrow dynamic range

of normal printing techniques, I often restrict the greyscale to bring out the features

of interest.
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Figure 2.4: An M-mode image of SD-OCT. A mirror is placed at the depth of 400
µm and then moved to the depth of 800 µm at the speed of 1 mm/s from
about 100 ms to 500 ms. 2000 A-lines are collected sequentially (500 µs
per A-line). The greyscale is in dB showing the intensity of the sample
arm backscattering relative to the noise floor.

If the imaging beam or the sample is moved in the transverse direction while the

data is being collected, different A-lines correspond to different transverse positions.

The process is called a B-scan (B for brightness). An intensity graph of the signal
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intensity vs. transverse position vs. depth is plotted as a B-mode. M-modes and

B-modes have no fundamental differences. A B-Mode of a transverse scan (sample is

only moved transversely) of a mirror surface is shown in figure 2.5. Within the range

of 0 mm - 22.5 mm in x direction, the depth is changed from 440 µm to 520 µm due

to the tilt of the mirror. 15000 A-lines are collected with a period of 50 µs (total

time is 750 ms). The sample is moving at a feedrate of 30 mm/s. A weak side lobe

is mainly due to the dispersion mismatch between the reference arm and the sample

arm (ways to reduce the dispersion mismatch are discussed in section 3.2).
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Figure 2.5: A B-mode image of SD-OCT. The surface of a mirror is imaged by moving
the mirror in the transverse x direction. Within the 0 mm - 22.5 mm range
in the x direction, the depth is changed from 440 µm to 520 µm due to
sample tilt. 15000 A-lines are collected with 50 µs per A-line (total time
is 750 ms). The sample feedrate is 30 mm/s.
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2.4 Imaging Artifacts

There are several imaging artifacts associated with SD-OCT. Understanding of these

artifacts is important for better interpreting the experimental results as well as im-

proving apparatus and data processing techniques.

2.4.1 Motion Artifacts

Limited by the electronic speed, the line camera in the spectrometer always has a

minimum integration time on the order of several microseconds. If a broadband

light source such as a superluminescent diode (SLD) and an amplified spontaneous

emission (ASE) laser, or an ultrafast laser with high pulse repetition rates of 10

- 100 MHz which is much faster than the line camera speed is used for imaging,

the fringe pattern in the spectrum domain may washout when the sample travels

laterally over a quarter of the center wavelength during one integration time (the

optical path length changes half wavelength and wavelengths initially experiencing

constructive interference experiences destructive)[77]. As an estimation, if during

one camera integration time of 5 µs, the interface position variation is larger than a

quarter of one imaging beam wavelength at about 864 nm (corresponding to average

interface moving velocity of about 0.04 m/s), the fringes in the SD-OCT spectrometer

washout and the contrast of the OCT image degradations. In the real-time imaging

of laser machining, not only the moving main interface can exceed the speed, the

ejections such as droplets, neutral materials and plasmas can cause fringe washout as

well. Possible ways of reducing motion artifacts include a line camera with a smaller

integration time or a pulsed ultrafast laser with a repetition rate the same as that of

the line camera so that only one pulse is integrated during one integration cycle. A
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preliminary experiment about this will be described in Chapter 7.

2.4.2 “Autocorrelation”
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Figure 2.6: An M-mode image with autocorrelation. The experiment shown in figure
2.4 is repeated here but with a cover glass placed at the top of the mirror.
There is a gap about 290 µm thick between the bottom surface of the cover
glass and the mirror. In the M-mode, there are two moving interfaces (the
higher one is the cover glass bottom and the lower one is the mirror) with
a depth difference of 290 µm. There is also one static interface at the
depth of 290 µm which is the autocorrelation interface.

In equation 2.1, I neglected the interference between different interfaces of the sample.

However, under some circumstances if some interface in the sample arm has a strong

reflectivity, autocorrelation may give a noticeable false interface. This is normally

named “autocorrelation” in OCT literature. One experimental example (with the

apparatus shown in Chapter 3) is shown in figure 2.6. The experiment shown in

figure 2.4 is repeated here but with a slide of cover glass (1 mm thick) placed at the

top of the mirror. There is a gap about 290 µm thick between the bottom surface
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of the cover glass and the mirror. In the M-mode, there are two moving interfaces

(the higher one is the cover glass bottom and the lower one is the mirror) with a

depth difference of 290 µm. There is also one static interface at the depth of 290 µm

which is the autocorrelation interface. The autocorrelation interface is a common

path interference having the minimum dispersion mismatch [66] and thus can be used

for testing the axial resolution without the impact of the dispersion mismatch between

sample arm and reference arm. [4] introduces an optical switch on reference arm and

the autocorrelation term solely introduced by the sample arm can be subtracted from

OCT image. However, the imaging speed in this method is only reported to be 29

kHz.

Normally the sample arm interfaces have small intensity and the autocorrelation

interfaces are relatively weak. Also they can be easily identified since they do not

change even when the sample is moved. Thus the autocorrelation artifact is not a big

issue.

2.4.3 Source Spectral Shape

The shape of the point spread function is the Fourier transform of the shape of

the spectrum of broadband light source which usually does not have a Gaussian

profile. Side lobes may occur for different kinds of spectrum shapes and when there

are a strong and a weak interface close to each other, the side lobe of the strong

interface overlaps with main peak of the weak interface and will cause difficulties for

its identification. This artifact can be reduced by reshaping the spectrum during data

processing [64].
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2.4.4 Complex Conjugate Ambiguity

As shown from figure 2.3, the processed A-line has a mirror image about the zero delay

point. This arises from the fact that cos(k∆z) = 1/2[exp(−ik∆z) + exp(ik∆z)],

which has two components complex conjugate to each other. In equation 2.1, the

interference term, as a function of zsam− zref = ∆z, has even parity which means the

condition with zsam − zref = ∆z and the condition with zsam − zref = −∆z makes

no difference in the spectral fringe pattern. Normally all interfaces are placed on one

side of zero path delay.

2.5 Inline Coherent Imaging

The technique developed by our group, inline coherent imaging, has been demon-

strated to be a powerful tool to monitor the depth changing information during laser

machining in real-time. In 2007, an early version of the in situ depth measuring

method was used for real-time depth profiling of ultrafast micromachining of stain-

less steel at scan rates of 46 kHz by analyzing the processing beam backscatter [67].

In 2010, using a different imaging light from the machining light, ICI was used for ob-

serving sample morphology changes at 24 kHz during and between percussion drilling

pulses and the blind hole depth precision was improved by over one order of magni-

tude by manually using in situ feedback from the imaging system [69]. One ICI image

monitoring a hole drilling process is illustrated in figure 6.5 in Chapter 6.

The capacity of the inline coherent imaging technique in controlled feedback 3D

laser machining in heterogeneous materials and its application in scanning-optics

beam delivery systems have not been investigated in detail. These are the author’s
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research focuses.
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Chapter 3

Experimental Apparatus

In order to resolve multiple interfaces of the sample in real-time (up to 230 kHz)

during a laser machining process, ICI combines the sample arm of the Michelson

Interferometer in SD-OCT with the machining laser beam to reach the sample. In

our studies, two kinds of beam delivery systems are used to deliver both beams

onto the sample. The first one has the optics fixed but the sample moved by 3D

motion stage. This method has the advantages of easy assist gas delivery, access

to accurate position feedback from dedicated 3D motion stage and relatively large

travel range (160 mm × 160 mm) but it has relative small maximum speed (150

mm/s) and acceleration (1.8 m/s2). The second method is through the combination

of galvonometric mirrors and the telecentric lens. The advantage of this method is

that the maximum acceleration and speed (verified up to 5000 mm/s) can be large

but it has a limited scan range (10 mm × 10 mm) and an optical depth distortion.

This chapter will describe both methods.

During my studies, three machining lasers are used for machining. The most

commonly used one is the 100 W CW IR laser (IPG YLR-100-AC) with 1070 nm
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wavelength. It can be modulated to have a minimum pulse duration of 6.7 µs and a

maximum repetition rate of 50 kHz. Experiments with this laser are mostly described

in chapter 5. In the machining of most materials, the thermal process causes a large

heat affected zone but the price of the laser is relatively cheap. A Q-switched ultravi-

olet laser with 0.05 mJ pulse energy and 6 ps pulse duration has more determinable

machining but low average power and is used in chapter 4. A mode-locked IR ultra-

fast laser with ∼mJ pulse energy and ∼300 fs pulse duration has largest energy flux

and the highest price. It offers more deterministic machining as well as some useful

nonlinear effects and is used in chapter 7.

ICI systems with a beam delivery method through fixed optics and through a

galvo-telecentric scanning system are described in figure 3.1 and figure 3.2, respec-

tively. There are four general portions of the systems to be discussed in the following

sections: the sample arm, the reference arm, the imaging source and the spectrometer.

These four portions are connected through a 50:50 fiber beamsplitter. The systems

were initially designed by Paul Webster. The author modified the design and built,

aligned and characterized the ICI system through the galvo-telecentric scanning sys-

tem. The author, Chris Galbraith, Paul Webster and Logan Wright built and aligned

the ICI system through the fixed optics. The author designed and built the electronic

system synchronizing the motion stage, the motion stage drive, the galvo scanners,

the fume extractor and the assist gas under the supervision of Paul Webster. The

author modified the design, built and aligned the spectrometer.
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Figure 3.1: ICI system with a beam delivery method through fixed optics.

Figure 3.2: ICI system with galvo-telecentric beam delivery system.



3.1. SAMPLE ARM 24

3.1 Sample Arm

ICI combines the sample arm of the Michelson interferometer with a machining laser

through a dichroic mirror. Our mostly frequently used machining laser (IPG YLR-

100-AC) has a wavelength of 1070 nm together with a guide laser at about 630 nm

(red). Our imaging SLD is at 864 ± 35 nm. The dichroic mirror (940dcxrxt from

Chroma) has a transmittance of over 97% at 1000-1100 nm, a transmittance of over

70% at 630 nm and a reflectivity of over 95% at 700-900 nm. It is thus an ideal choice

for transmitting the machining laser and its guide laser and reflecting the imaging

laser.

There are two methods to deliver the machining beam and the imaging beam to

the sample:

The first one is depicted in figure 3.1. In this set up, a nozzle is used for holding

the objective lens to focus the beams on the sample. It also offers a channel for

assist gas. In this setup, the sample is mounted on the 3D motion stage (ANT-130

from Aerotech) with in-position stability of 20 nm. The X and Y axes have 160 mm

travel range, 150 mm/s maximum velocity and 1.8 m/s2 maximum acceleration. Z

axis has 60 mm travel range, 50 mm/s maximum velocity and 1.8 m/s2 maximum

acceleration. It is driven by Npaq from Aerotech.

Npaq [3] is the central drive of the motion control system. It receives 1)the user

commands from PC; 2)position feedback signal from 3D motion stage; 3) emergency

stop signal from E-stop button. It sends out the signals of: 1)Digital signal to assist

gas valve and fume extractor (through a relay board); 2)Position synchronized digital

output signal (used for triggering the machining laser or the imaging camera).

The second beam delivery system, as depicted in figure 3.2, consists of a telecentric
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lens (LSM05-BB from Thorlabs with 3 cm × 3 cm field of view (FOV) and 110 mm

effective focal length (EFL)) and two galvonometric scanning mirrors in x and y

direction (6240HM40A from Cambridge Technology). Npaq sends out motion control

commands to Nmark SSaM (Aerotech) which then sends out XY2-100 (standard

galvo drive protocal [50]) signal to XY2-100 receiver board (Cambridge Tech.). The

receiver board converts the digital signal to analog signal and sends it to two galvo

drivers (MicroMax 671 Series from Cambridge Tech.) to drive two scanning mirrors.

The telecentric lens and the galvonometer scanners are also shown in the figure 3.3.

As shown in the figure, only one scan mirror can be at the entrance pupil.

Figure 3.3: Telecentric lens design. Only one scanning mirror can be at the entrance
pupil. The other scanning mirror will be away from the entrance pupil.
Left figure adapted from Thorlabs website [63]. The author built the set
up.

The distance between the centers of the two scanning mirrors is 1.93 cm. We place

the mirror scanning along x axis at the entrance pupil.
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In order to map the scanning angles of galvos to the XY positions, I did a cali-

bration between the galvo scanning angle (in software units) and the position (mm)

on the stage as shown in figure 3.4.

Figure 3.4: Galvo Calibration (transverse length vs. galvo scanning software unit)
in two dimensions. Shown on the left is the calibration of the mirror
at the entrance pupil scanning in x direction. Shown on the right is the
calibration of the mirror 1.93 cm away from the entrance pupil scanning in
y direction. Only the positive direction is shown since my measurements
show that the calibration is symmetric about the center of the FOV.

To characterize whether the measured optical depth from ICI represents the true

sample depth over the transverse scan field, I scanned the surface of a flat mirror

placed at the focal plane. The result is shown in figure 3.5. There is nearly no optical

depth measurement distortion (3.4 µm maximum) along x axis. There is a nonlinear

distortion (78 µm maximum within -9 mm≤ y ≤+9 mm) along y axis. This result

can be used for software correction.

In ICI, the coincidence of the imaging and machining beams is very important.

However, due to the dispersion of the telecentric lens, when scanning over a large field

of view, the machining and imaging foci do not always overlap. Both the machining

(100 W CW at 1070 nm) and imaging beams have waists of about 30 µm which

coincides with each other at the center of the FOV. The mismatch of the machining

and imaging foci when scanning in two transverse dimensions are shown in figure 3.6
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Figure 3.5: Surface scan of a flat mirror on the focal plane. There is negligible optical
depth measurement distortion (3.4 µm maximum) along x axis. There is
a nonlinear distortion (78 µm maximum within the -9 mm≤ y ≤+9 mm
range) along y axis.

measured by a CCD sensor. The machining beam with a longer wavelength is always

closer to the center of FOV. The differences are symmetric about the FOV center.

As shown in figure 3.6, within the range of x = ±5 mm on x axis or y = ±5 mm on

y axis, the mismatch is less than 15 µm (half the focal waist). We thus confine our

scanning field of view of ICI in this range.

3.2 Reference Arm

There are several components in the reference arm. First, the fiber-to-free-space

coupler or the reference arm end mirror should be at a translational stage so that

the zero delay (relative to the sample arm) position can be easily found. Second, a

fiber polarization controller is added to ensure that the sample arm and the reference
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Figure 3.6: Mismatch of the machining and imaging foci positions measured by a 2D
CCD sensor array. (a)machining and imaging foci mismatch along x axis.
(b) machining and imaging foci mismatch along y axis. Within the range
of x = ±5 mm on x or y = ±5 mm on y, the mismatch is less than
15 µm (half the focal waist). Only one error bar is shown to indicate the
2.2 µm× 2.2 µm CCD sensor pixel size

arm have the same polarization. Third, several pieces of microscope cover slides (as

a dispersion compensator) are added piece by piece to find the best axial resolution.

3.3 The Imaging Source and the Spectrometer

Our broadband imaging light source is a superluminescent diode (SLD, BLM2-D Se-

ries from Superlum). It requires a 5 V DC power supply with maximum 20 mV ripples

and 2-3.5 A output current. I put a 5V-5A regulator (TO220-3 from Microchip) on

the output of custom 6V-4A DC power supply (WSU060-4000-R from Triad). The

regulator output is then connected to the laser (parallel to a 10 µF Titanium ca-

pacitor (199D106X9016C1V1E3 from Vishay Sprague)). The output voltage ripple

is tested to be less than 20 mV, meeting the design requirement. The photograph of

the power supply is shown in figure 3.7.
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Figure 3.7: Power Supply of SLD

The SLD has a 864 nm center wavelength and a 70 nm FWHM bandwidth as

shown in the inset of figure 3.8. To characterize our imaging quality, a mirror is

placed at different depths to test the axial resolution at the center of the transverse

scan field. As shown in figure 3.8, seven different depths are measured over a 950 µm

depth of field (limited by the 850 µm measured Rayleigh length and the resolution of

spectrometer). The measured axial resolution is 7− 8 µm.

In order to prevent the SLD from damaging by the back reflection from the 50:50

beamsplitter, a fiber isolator is added after the SLD.

The spectrometer consists of a fiber-to-free-space collimator with a lens of 50 mm

focal length (Oz Optics HPUCO-23-810-S-20AC), a 1800 lines/mm HD transmissive

grating (Wasatch Photonics), an 85 mm focusing objective (Carl Zeiss Planar 1.4/85

ZF-IR) and a high speed line CMOS detector (Basler spL4096-140km). Only 576

pixels at the center are used to achieve a maximum line rate of 312 KHz in free-

run mode (to avoid missing triggers, the line rate should be limited to 230 kHz in

an external-trigger mode). The integration time can be set to as small as 2 µs in

software (however, the measured integration time can be as low as 1.5 µs). To map

the pixels indices to the wavenumbers k, a standard Argon lamp source is used to

generate series of spectrum peaks. The pixel indices of the peaks are then compared to
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Figure 3.8: Axial resolution over about 950 µm depth of field is 7–8 µm. The mea-
surements are done at the center of transverse scan field. The inset is the
spectrum of SLD with a 864 nm central wavelength and a 70 nm FWHM
bandwidth.

standard table of Argon emission spectrum from NIST [52]. A fourth order polynomial

fit is conducted between pixel numbers and corresponding wavenumbers. The fit

coefficients are used for generating a table mapping all the pixel numbers to k values.

The author constructed the spectrometer to achieve the axial resolution of 7 - 8 µm

with our new SLDwith a bandwidth of 70 nm compared to a old imaging system with

an axial resolution of 18 µm and a FWHM bandwidth of 25 nm.
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Chapter 4

Automatic 3D Laser Processing

Laser processing has the advantage of no sample contact and thus little tool wear

over time. However, this also leads to the difficulty of real-time depth control when

compared to a conventional mill. Current 3D laser machining requires homogeneous

materials with detailed machining parameter space. This limitation impedes the

large-scale applications of laser machining in manufacturing, especially in 3D ma-

chining for which the depth control is important.

Laser machining of heterogeneous materials like bone is also of importance es-

pecially for biomedical applications [51]. These materials have property variations

inside the sample as well as between samples and hence the machining parameter

space is hard to explore universally. In this Chapter, with the in situ real-time depth

information acquired by ICI, a closed-loop feedback machining system is developed

and used for micromachining heterogeneous materials such as bone and wood in both

ultrafast and CW laser machining.
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4.1 Laser 3D machining with picosecond ultravio-

let laser

Most apparatus of these experiments are described in Chapter 3 but with some ex-

ceptions described below.

The SLD is Exalos EXS8310-F411 with 25 nm FWHM bandwidth and 800 nm

center wavelength. The theoretical axial resolution is 2ln2
π

λ0

∆λ
= 11.3 µm. The actual

resolution achieved is 18 µm. The reference arm has a lens (f = 50 mm) and several

pieces of glasses (added piece by piece to find the best axial resolution) for dispersion

compensation.

Figure 4.1: Focal waists of machining and imaging lasers. Shown on the left is the UV
machining beam focal waist with 16 µm×19 µm e−2 intensity diameters.
Shown on the right is the imaging beam focal waist with 14 µm× 14 µm
e−2 intensity diameters. The red lines are used for indicating the centers
of the focal waists. The CCD pixel size is 2.2 µm×2.2 µm. Data collected
by me and Logan G. Wright. Figure plotted by me.

The UV machining laser (Passat COMPILER 355) and the imaging laser are

focused on the sample through a 50 mm best-form lens (Thorlabs LBF254-050). Their

focal waists are measured by a 2D CCD camera placed on the focal plane as shown

in figure 4.1.
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To demonstrate that the feedback control is necessary, we did a comparison ex-

periment between open-loop laser machining (fixed number of total machining laser

pulses) and manual feedback closed-loop laser machining (user monitors the depth

and stop the process when the depth of 200 µm is reached) on various random mate-

rials. Polymethyl methacrylate (PMMA) is used as a benchmark for comparison and

our test shows that it requires 171 pulses to machine it to the depth of 200 µm.

The comparison is shown in figure 4.2. Shown on the left is the depth changing

information with open-loop machining with fixed number (171) of pulses and shown

on the right is that of the manual feedback control.

Figure 4.2: Open-loop versus manual closed-loop control in ultrashort pulsed drilling
of a range of materials. a, Hole depth over the course of an application of
171 consecutive machining pulses. b, The same measurements with pulse
number manually controlled by an experimenter observing the hole depth
with ICI. Data collected by the author and Logan Wright. Figure plotted
by Logan Wright.

Manual feedback control has a 9 fold improvement over the open-loop machining in

the standard deviation of the machined depth. Therefore for heterogeneous materials

the feedback control is very necessary.

The manual feedback process of the percussion drilling shown above normally
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takes more than 1 minute requiring a user monitoring the depth but a computer-

based automatic feedback will take much shorter time (less than 5 s). For a 3D

pattern machining, computer automation, as shown below, is therefore necessary.

As illustrated in figure 4.3, I define a rectangle on the sample on which a pre-

designed pattern will be machined. It is divided into imaginary pixels as shown as

the black grids. The pixel size is pre-determined by several trial experiments to make

sure that neighboring machined pixels on the sample will not have a small “dam”

between them. The process of raster-scanning with routes shown as the blue lines is

repeated by the motion stage holding the sample. At the center of each pixel (shown

as purple circles), Npaq will send out a position-synchronized output (PSO) digital

pulse to trigger the camera in the ICI spectrometer to capture a spectrum. The CNC

code for the 3D machining written by me is shown in Appendix A.1.
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Figure 4.3: 3D laser machining raster-scanning pattern. The rectangle for machining
is divided into imaginary 2D pixels as shown in the grid. The scanning
route is shown as blue lines with arrows indicating the scanning direction.
The scanning is done by moving the sample with the laser fixed. When
scanning over the center (small pink circles) of each pixel, one PSO output
digital pulse is sent out to trigger the camera. Pattern designed and
implemented by me. Figure plotted by me.

Computer processing of each A-line (the LabVIEW program used in this section

is written by Cole Van Vlack) is right after its capture. A machining pulse is then

triggered if the target depth at that pixel is not reached. The computer processing

time of one spectrum is less than 1 ms and our scan speed is 0.2 mm/s. This yields

a 0.2 µm position mismatch between machining and imaging, much smaller than the



4.1. LASER 3D MACHINING WITH PICOSECOND ULTRAVIOLET
LASER 36

pixel size (10 µm) or the focal waists of the machining or imaging laser.

The rast-scanning is repeated until the depths of all the pixels have reached the

pre-designed depth.

We machined a spiral in a piece of bone and a piece of wood as shown in figure 4.4.

On the spiral machined in wood, we can see an evident contrast between the density

of latewood (narrow band with dense cell structure labelled as L in figure 4.4 c) and

earlywood (labelled as E with large cell structure). Later analysis indicates that two

regions have very different responses to the machining laser: the mean ablation rates

were 4.0±0.4 µm/pulse and 14±5 µm/pulse respectively. The same depth is reached

in two portions with different property and it demonstrates the material-independent

property of our 3D feedback machining system. Each of these structures took more

than 4 hours to machine due to the low average power of the machining laser.

Figure 4.4: Closed-loop automatic wood and bone spiral machining. a, Input pattern.
b, A SEM image of the final sculpture on bovine cortical bone. c, A
SEM image of spiral sculpted in wood with latewood labelled as L and
earlywood labelled as E. b, c scale bars are 1 mm. Experiments done
by the author, Chris Galbraith, Logan Wright, Paul Webster and Cole
Van Vlack. Chris Galbraith collected the SEM figure and Logan Wright
plotted the Figure.
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4.2 Laser 3D machining with CW Infrared Laser

Even more challenging is 3D machining with a CW IR laser, which shows much less

deterministic machining property than the ps UV laser. The parameter restrictions

of laser power, pulse duration (quasi-CW [75]) and the pixel size is more strict to

minimize the HAZ. Chenman Yin found a set of parameters (shown below) for 3D

laser machining on bone with a IR CW laser. The author is the only person involved

in both of the experiments of ps UV and CW IR 3D laser machining experiments.

A piece of bone is placed at the focal plane (focal waist about 200 µm) of an IR

CW laser (IPG YLR-1000-IC with 1070 nm center wavelength and 1100 W maximum

output power). The laser average power is set to 300 W. The bone is moved at 5

mm/s feedrate for raster-scanning shown as the pattern in figure 4.3 with a pixel size

of 0.05 mm. The whole pattern is 120 pixels × 120 pixels corresponding to a square

of 6 mm × 6 mm. The camera will capture one spectrum at the center of each pixel.

The LabVIEW program (heavily modified by the author to (1)control the machin-

ing laser pulse number and duration at each pixel; (2) compensate missing triggers

to facilitate high scan speed; (3) achieve 3D pattern machining; from an old version

written by Cole Van Vlack) will process the spectrum right after its capture. It will

send out a 100 µs digital pulse to trigger the IR CW laser if the target depth is not

achieved at the pixel center. Figure 4.5 shows the design pattern and the microscope

image of machined bone screw pattern.
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Figure 4.5: Closed-loop automatic bone screw machining. Left, input pattern of
screw. The deepest depth is about 0.96 mm. Right, microscope pic-
ture of machined bone screw. Pattern designed by me. Experiment done
by Chenman Yin and me. Chenman Yin and I took the photograph.

The whole process is done within 2 hours (about 40 sweeps). We later tried to

accelerate the process by applying 3 pulses with 50 µs on time and 50 µs (for screw

pattern) or 150 µs (for Bessel function pattern) low time at each pixel (0.05 mm

× 0.05 mm) during every sweep if the target depth is not reached. We machined a

Bessel function pattern (maximum depth = 2 mm, transverse size = 6 mm × 6 mm)

and another screw pattern (maximum depth = 1.92 mm, transverse size = 6 mm ×

6 mm). Each pattern costs about 1 hour 15 minutes(about 27 sweeps). A picture is

shown in figure 4.6 which indicates more carbonization.



4.2. LASER 3D MACHINING WITH CW INFRARED LASER 39

Figure 4.6: A Bessel function pattern (maximum depth = 2 mm) and a screw pattern
(maximum depth = 1.92 mm) each machined in around 1 hour 15 minutes
(about 27 sweeps). Transverse size of each pattern is 6 mm × 6 mm. The
black features are due to carbonization. Chenman Yin designed the Bessel
function pattern. Chenman Yin and I did the experiment.

The experiments above are just a beginning. When this thesis is being written,
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parameters to minimize the carbonization and the machining of the patterns of med-

ical interests are still under study. Furthermore, linear OCT (L-OCT) is promising

in high speed depth monitoring and feedback for 3D laser machining since it requires

no Fourier transform or moving reference arm. Field-programmable gate arrays (FP-

GA) can also be used for increasing the data processing speed for 3D laser machining

feedback control system.
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Chapter 5

Real Time Depth Monitoring of

Laser Machining through Scanning

Optics

Galvanometric scanning is one of the most widely employed beam delivery methods

for laser machining because its reduced moving inertia allows high scan speed and

subsequently high productivity. However, due to a lack of suitable real-time depth

monitoring methods for high speed scanning laser machining, current related studies

have several constraints: 1)numerical studies lack a reliable real-time experimen-

tal comparison. Post-cut analysis, besides being time-consuming and destructive,

only studies accumulated effects rather than directly resolving transient processes

[33, 40, 21]. Pump-probe ultrafast imaging cannot monitor inside opaque materials;

2)laser manufacturing automation is impeded due to the lack of closed-loop feedback

control. High precision is limited to highly deterministic cutting processes with ul-

trafast lasers and homogeneous materials. In thermal laser (pulse duration larger
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than 10 ps and more economical) machining, the accuracy is limited by random fac-

tors such as the liquid/vapor flow to and from the affected volume. Furthermore, it

is even a more problematic issue for accurate machining of heterogeneous biological

tissues or multilayer industrial materials like printed circuit boards.

In Chapter 3.1, I described the inline coherent imaging system applied in a galvo-

telecentric beam delivery system and discussed the applicabilities and limitations.

Here I will describe several experiments based on it. For trench etching in stainless

steel, I collect intrapulse and interpulse morphology changes information which is

useful for further understanding underlying mechanisms. I also collect overall sweep-

to-sweep depth penetration information which could be used for feedback control. To

further demonstrate our method in various materials, ICI is also used for monitoring

the etching of a 5 mm long trench in silicon. The relationship of etch rate with average

power and scan speed is studied by computer processing the ICI data. This offers an

automatic, fast and non-destructive way of parameter space exploration. To the best

of our knowledge, this is the first demonstration of direct real-time depth monitoring

of laser machining with scanning optics.

5.1 Trench Etching in Steel

A piece of steel is located in the focal plane. The machining and imaging beams

are scanned between -5 mm and +5 mm along the x axis (x = 0 corresponds to the

center of FOV of telecentric lens) at the sample. The maximum position mismatch

between the imaging and machining foci in this range is about 11 µm (see figure 3.6),

smaller than half of the focal waist. The machining laser pulses have a period of 20

ms, a duration of 5 ms, an average power of 20.17 W (on sample) and a scan speed
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of 15 mm/s. For the studies discussed here, ICI imaging operates at a 2 µs user set

integration time and a 1.6 kHz line rate, but faster imaging can be accommodated

easily with line rates up to 230 kHz. The reason for a low imaging speed here is

to record many sweeps without overflow the memory. A-lines are computed with

homodyne filtering from the spectral interferogram (see in section 6.1).

Figure 5.1 shows an ICI image comprised of a small fraction of A-lines showing

morphology changes during and between the machining laser pulses. In this regime of

thermal machining, the laser creates a vapour channel (depth ∼ 25 µm) which pushes

melt out of the target hole.
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Figure 5.1: Vapor channel formation during the laser processing of steel. The bottom
of the workpiece is tracked (green line). The machining laser pulses have
a period of 20 ms, a duration of 5 ms, an average power of 20.17 W (on
sample) and a scan speed of 15 mm/s. Grey scale is the logarithm of
single intensity over the reference arm noise floor.(See section 2.3).

Generally, the A-lines during the off-time of the machining laser is more stable

as there is much less material ejection. We extract them for the depth monitoring

over the whole trench and during as many as 36 sweeps. The bottom of the trench is

extracted with k-NN method (5 nearest depth neighbors and 3 nearest A-line neigh-

bors. See section 6.1.) The tracked depth sometimes fail to identify the bottom of

the trench if some transient interfaces such as the material ejection or small “bridges”

across the trench may backscatter the imaging beam. Thus the median depth over
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every 300 µm long section of the trench is then calculated to ensure the trench bot-

tom is identified. The depth profiles of 6 representative sweeps are shown in figure

5.2. With our method, it is possible to distinguish variations that occur during the

machining process. Our method offers a potentiality of feedback correction of the

ablation depth even with a process that exhibits a high degree of intrinsic variability.
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Figure 5.2: Overall depth change of 6 representative sweeps. Solid curves are plotted
as a guide to the eye.

5.2 Trench Etching in Silicon

To demonstrate our method in different types of materials, we also apply ICI in

high speed trench etching of silicon. IR CW lasers are much cheaper than ultrafast

lasers and for certain processing parameters, surprisingly high aspect ratio percussion

drilling with small HAZ in silicon was demonstrated [75]. Here we study the trench

etching in silicon by our high speed scanning system.
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In the experiments below, 5 mm trenches are etched in silicon with 40 psi nitrogen

cover gas. The machining laser pulses have a duration of 30 µs and a period of 60

µs. The imaging line rate is 230 kHz. The width of the trenches is in the range

of 35 µm − 51 µm (measured from microscopic image) and the maximum depth

is 400 µm (from ICI data). We performed the experiment under various average

machining powers and three different scan speeds: 250 mm/s, 315 mm/s and 375

mm/s. With ICI data, we compute the etch rate which is one of the most important

parameters in trench etch.

We take 250 mm/s scan speed and 33.64 W average power as an example to

illustrate the way we compute the etch rate: (1) During the first sweep, we extract

A-lines during machining laser off-time and compose ICI image of ICI1. We track the

bottom depth d1(x) from ICI1; (2) In the second sweep, with the same process, we

get ICI2 and d2(x); (3) We calculate the mean value of d2(x)− d1(x) over the length

of the trench (−2.5 mm < x < 2.5 mm) to be 27 µm. Since the time required to

complete one sweep is 20 ms, the etch rate is hence 1.35 µm/ms. It is also found that

within the first 100 µm of cutting, the etch rate is nearly constant.

ICI2 (grey scale), d2(x) (green line) and d1(x) (red line overlaid on ICI2) are shown

in figure 5.3. Backscatter from the sample surface around the trench is also resolved

and observable in ICI2. It corresponds closely to the interface d1 from ICI1.

With this method, we compute the etch rate for different speeds and average

powers and show it in figure 5.4. The etch rate is calculated for the first 40 - 55 ms

during the etching process (2 passes for 250 mm/s, 3 passes for 315 mm/s and 4 passes

for 375 mm/s). Experiments were repeated three times for each parameter set. As

shown in figure 5.4, the deviation of different experiments with the same parameter is
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Figure 5.3: ICI figure (ICI2) of trench etching in silicon in the second pass with depth
d2(x) tracked by the green line. The red line (overlaid on ICI2) is the
depth track from ICI1. We can see that d1(x) overlaps with the faint
surrounding surface resolved in ICI2. The average power is 33.64 W and
the scan speed is 250 mm/s. Grey scale is the single intensity in dB over
the noise floor.

relatively small which shows the reproducibility. The markers are experimental data.

The solid curve is calculated from the model as stated below.

As shown in figure 5.4, all scan speeds have a non-zero x axis intercept showing

that little ablation happens below a certain power threshold (similar phenomenon

as observed by [75].) For a certain average power, during the same time, the same

amount of energy is delivered to the trench but even under this condition, the etch

rate (in µm/ms) is also dependent on the scan speed. A slower scan speed gives a

higher etch rate.

The author tried many different models. For example, for different scan speeds,

sizes of the pulse material interaction equivalent “top hat” area [59] are different but

no simple relationship is found between the etch rate and the size of the equivalent

“top hat” area. In turn, at this regime of laser machining, we assume that pulse

overlapping plays a dominant role in the differences between etch rates of different
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Figure 5.4: Etch rates of a 5 mm trench in silicon versus average powers for the three
scan speeds, 250 mm/s, 315 mm/s and 375 mm/s. The solid lines are
calculated from the model. Data collected by the author and Alexander
Grindal. Figure plotted by the author.

scan speeds. There are no common agreement on the quantitative description of the

overlapping [9, 65]. In our description, we consider two consecutive machining pulses.

At the moment the first pulse ends, its pulse center position is at x1. Then after the

off-time toff , assuming the sample moves at speed v, the second pulse turns on with

its center reaches the position x2 = x1+v× toff where there is still much residue heat

and property modification left by the first pulse. As a first order of approximation,

I assume this residue effect can be characterized by the energy flux at x2 of the first

pulse compared to its maximum flux. For a Gaussian transverse mode, this heat

residue effect factor α is expressed as α = exp(−2
(

v×toff
w0

)2

) where w0 is the focal

waist. We assume the etch rate is proportional to α[I − Ithres(v)] in which Ithres(v)

is the etching power threshold and is different for three scan speeds. Thus we write
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the etch rate as:

Etch rate = Aα[I − Ithres(v)] (5.1)

in which A is the proportional factor. With Ithres(v1 = 250), Ithres(v2 = 315),

Ithres(v3 = 375) and A as fitting parameters and by minimizing the standard de-

viation of all data points, we find three optimized thresholds and the proportional

factor A (0.26 µm ·ms−1W−1). We then calculated the etch rate from the optimized

parameters and plotted it as the blue solid curve in figure 5.4. There is a good agree-

ment between our experimental data and model (with 4 parameters). Also, I want

to note that the calculated three parameters of power thresholds, Ithres(v1) (25.1 W),

Ithres(v2) (26.7 W) and Ithres(v3) (31.6 W) are nearly inversely proportional to α× v

and the number of optimizing parameters can be simplified to 2. The reason for this

inverse proportional relationship is however not clear. To answer this question, more

sophisticated models need to be developed.

The parameter space explored and the simple model allows laser marking engineers

to find out suitable parameters for a certain application. Also, ICI gives detailed

dynamical data that can allow modelers to improve their work to better understand

the microscopic processes.



49

Chapter 6

Instrument Control, Data

Acquisition, Processing and

Analyzing with LabVIEW

Programs

LabVIEW (short for Laboratory Virtual Instrument Engineering Workbench) is “a

system-design platform and development environment for a visual programming lan-

guage from National Instruments” commonly used for “data acquisition, instrument

control, and industrial automation” [71]. This chapter describes the LabVIEW pro-

grams (VIs) the author wrote for ICI live-viewing, recording and replaying. Generally,

the live-viewing VI is used for system characterization, sample positioning or man-

ual feedback 3D laser machining. The recording VI is used for high speed (up to
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230 kHz) data acquisition to record the depth changing information during laser ma-

chining. Replaying VI is used for processing previously acquired data (with the ICI

recording VI) and tracking the depth.

6.1 Key Sub VIs

Here I will describe two key sub VIs that are called frequently in ICI programs and

can be adapted easily by others for similar applications in SD-OCT or ICI.

1. Homodyne Matrix sub VI: Our spectrometer is composed of a 1800 lines/mm

transmissive grating, an objective lens and a line CCD camera with the center 576

pixels used for data acquisition. To map the pixels to the wavenumbers k, a standard

Argon lamp source is used to generate a series of spectrum peaks in the camera.

The pixel numbers of the peaks are then compared to a standard table of the Argon

emission spectrum. Fourth order polynomial fit is conducted between pixel numbers

and corresponding wavevectors. The fit coefficients are used for generating a table

mapping pixel indices to k values. We record it as k1, k2, ...k576.

Since the sample arm is relatively weak, the interference between different inter-

faces of the sample arm is ignored. Thus, the interference pattern on the spectrometer

is approximated as:

I(kn) = Iref (kn) +
∑
zi

Isam(kn, zi) + 2
√
Isam(kn, zi)Iref (kn)cos(kn(zi − zref )) (6.1)

For simplicity, we take the condition with only one single interface at depth z =
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zref +∆z as an example:

I(kn) = Isam(kn) + Iref (kn) + 2
√
Isam(kn)Iref (kn)cos(kn∆z) (6.2)

The term 2
√
Isam(kn)Iref (kn)cos(kn∆z) contains the information of the depth

of the sample. Normally, since our imaging light is reflected by the sample, sample

movement of ∆z results in the optical path length change by 2∆z. Also, the reference

arm intensity Iref is considered background and subtracted during processing. Sample

arm intensity Isam is relatively small and I ignore it for this analysis (if not small,

it will give a DC bright interface at z = 0 as illustrated in figure 6.5). The AC

interference spectrum is expressed as:

I(kn) = 2
√
Isam(kn)Iref (kn)cos(2kn∆z) (6.3)

A FFT process requires that the k’s are even spaced which is normally achieved

after a time-consuming polynomial spline interpolation process [13]. Instead, we use

a homodyne filter method which is demonstrated to be faster in our applications

[68]. We mix the measured AC interference spectrum with the expected spectrum

(in complex form exp(iknz) with reasons discussed later) for a certain depth z by

multiplication as described in equation 6.4 to get the A-line amplitude at z (A(z)).

A(z) =

k576∑
k1

[Imeasured(kn)− Iref (kn)]exp(iknz) (6.4)

Also, to illustrate the benefit of choosing a complex homodyne core in equation

6.4 instead of only a cosine or sine core, I did the numerical simulation with the same
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Figure 6.1: Numerical simulation of one A-line (Amplitude of A(z)) of a single in-
terface at the depth of 100 µm with homodyne filtering as described in
equation 6.4. The real, imaginary and modulus parts are shown separate-
ly.

set of 1)FWHM; 2)spectrum range; 3)pixel number; 4)center wavelength, but with of

a Gaussian profile and even space sampling of k vectors. The sample interface is set

at 100 µm depth. The real part, the imaginary part and the modulus of the complex

result in equation 6.4 are shown in figure 6.1.

The real part of A(z) and the imaginary part of A(z) has an envelope of the

modulus of A(z). The carrier period is the center wavelength of the imaging laser. If

only a cosine or sine core is used, the depth computing sampling rate must be larger

than twice the carrier frequency. This will increase the consumption of computing

load and memory. Thus, the modulus is used as the amplitude of the A-line which is

not phase-sensitive.

The real part or the imaginary part itself may be used for fringe tracking at higher

precision. This phase sensitive OCT is the principle of Doppler OCT which is used

in medical applications such as blood flow velocity measurement [38, 73, 79, 39].

2. k-NN depth tracking sub VI:

This sub VI is used for interface recognition in an M-mode (or B-mode). Normally,
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the easiest way to recognize the laser machining front is to identify the depth with the

largest amplitude in every A-line. However, due to the complicated process of laser

machining, the material ejection may back scatter the imaging light to cause isolated

bright points above the machining front in an A-line. To get rid of the impact of the

signal from transient and isolated interfaces when tracking the depth, the k-NN (k

nearest neighbors) method [22] is used. In the k-NN method, a new M-mode with the

same size as the old M-mode is generated. The amplitude of each pixel of the new

M-mode is the median amplitude of m×n = k (m nearest neighboring A-lines and n

nearest neighboring depth, both are inputs of the sub VI that can be configured by

the user) nearest neighbors of the corresponding pixel in the old M-mode. The depth

with the largest amplitude in every A-line in the new M-mode is then recognized as

the machining front.

6.2 Live ICI VI

This VI is used for live-viewing of ICI depth information. In live-viewing mode,

the camera captures spectrums and the computer processes the data continuously in

real-time so that the users can use this for adjusting the sample position, assisting

optical alignment or manual 3D machining feedback control. There are three main

sets of toolkits to be used in this program, NI-IMAQ vision, GPU Analysis Toolkit

and NI-DAQmx.

NI-IMAQ toolkit is used to acquire, display, and save images and configure the

driver software and hardware. In our application, our camera is a line camera and

the number of pixels per line is defined as “acquisition window width”. The data is

transfered to the computer memory through a NI PCIe-1429 board (frame grabber) in
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units of 2D frames composed of many lines. The number of lines per frame is defined

as “acquisition window height”. When applying the homodyne filter to a frame, as

the number of lines in one frame increases, speed of parallel computing utilizing GPU

may outperform that of the CPU sequential computing as explained in detail below.

National Instruments offers the LabVIEW GPU Analysis Toolkit to communi-

cate with NVIDIA CUDA GPUs from LabVIEW applications. To use the GPU to

calculate the matrix multiplication between a frame and the homodyne matrix to

get one M-mode, we allocate memory for the homodyne matrix (which is calculated

and “downloaded” to GPU memory before depth monitoring), every frame (which is

downloaded to GPU memory during depth monitoring) and every M-mode (which

is uploaded to computer memory). Our speed comparison test between GPU and

CPU computing shows that when the number of lines per frame (acquisition window

height) is smaller than 5, CPU is faster than GPU. When the number of lines per

frame is greater than 10, GPU is 2-3 times faster than CPU. We thus use GPU to ap-

ply the homodyne filter to our program. Variations from line to line (due to speckle,

motion, etc.) means that we will likely do feedback in the future on multiples A-lines

and the faster speed with GPU in processing multiple lines will decrease the feedback

response time and increase the automation proficiency.

While ICI is measuring the depth of the sample, the transverse sample position

can also be monitored by receiving analog signals from Aerotech Npaq (driver for

the motion stage). In my experiment, analog output (-10V to 10 V) from Npaq is

used for linearly representing motion stage position (-10 mm to 10 mm). The NI-

DAQmx software toolkit together with our Ni-PCIe6363 board are used for receiving

or generating multiple channels of digital and analog signals in real-time. However,



6.2. LIVE ICI VI 55

the stability of the position measured with the analog signal is about 20µm (caused

by analog signal fluctuation since the rated motion stage stability is 20 nm) .

The process of this VI is described in figure ??. First, the user defines the pa-

rameter of A-lines per frame (acquisition window height) and the path for storage of

the reference arm spectrum. Before running the program, the user blocks the sample

arm. The IMAQ, DAQ and the GPU CUDA interfaces are opened and configured.

GPU memory for the frames, the homodyne matrix and the M-modes are allocated.

Second, when blocking the sample arm, the user runs the VI. Then the reference

arm spectrum, as a background, is acquired and stored in memory as well as in the

file whose path is specified by the user (this file is useful for the “Record ICI” and

“Replay ICI” VIs). Then the homodyne filter matrix is calculated and downloaded

to GPU memory.

Third, the user unblocks the sample arm. If the user does not press the “stop”

button, the VI will run a loop of: 1)Grab one frame and subtract the reference

arm from it. 2)Download the frame to the GPU, use the GPU to do the matrix

multiplication between the subtracted frame and the homodyne matrix. Upload the

result to the RAM for CPU computing. 3)Display the processed M-mode.

Fourth, if the user commands a “stop”, the interfaces of DAQ, IMAQ, and GPU

will be closed. Related buffers will be freed and cleared.
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Figure 6.2: Flowchart of “Live ICI” LabVIEW program.

The front panel is shown in figure 6.3. The user can monitor the sample position

in xy, the depth (from the M-mode) as well as the spectrum in the spectrometer in

the live-viewing mode.
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Figure 6.3: Front panel of “Live ICI” LabVIEW program. The user can monitor the
position in xy, the depth (from the M-mode) as well as the spectrum in
the spectrometer in the live-viewing mode.

6.3 Record ICI VI

This VI is used for recording a series of spectrums at high speed (up to 230 kHz).

In the meantime of data acquisition, it can also control the machining laser to syn-

chronize the machining and imaging processes. It receives digital triggers (position

synchronized output) from the motion control system and sends out digital outputs

to trigger the digital camera and machining laser. The vi stores the data in the hard

disk and processes them after the acquisition.
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To guarantee high speed spectrum acquisition, the “Sequence” VI is used instead

of the “Grab” VI. When using the “Grab” VI (which can be called multiple times)

in a loop, only one buffer (one frame is stored in one buffer) is allocated. The latest

frame acquired by the camera is always stored in this buffer. When the “Grab” VI is

called by the computer, this latest frame is extracted to be stored or processed. Thus

if the hardware acquisition time of one frame is faster than that of one software loop,

this may result in the loss of frames. In comparison, the “Sequence” VI pre-allocates

multiple buffers for a user defined number of frames. When the “Sequence” VI is

called, it will run until certain number of frames are acquired. All the frames are in

the memory to be stored or processed.



6.3. RECORD ICI VI 59

Figure 6.4: Flowchart of “Record ICI” LabVIEW program.

The process of this VI is described in figure 6.4. It uses a LabVIEW state machine.

First, before running the program, the user changes the triggering mode of the line

camera to be “Ex-sync” mode in the camera configuration software (Basler CCT+).

When the VI runs, it will first go into the idle state. In the idle state, the user can

define the digital output waveforms (number of pulses per burst, start delay, pulse

duration, pulse period, etc.) in two channels (for machining laser trigger and camera

trigger) which are triggered by one digital input channel (retriggerable). The user can

refresh to view the waveforms. The user will also define the number of frames and

A-lines per frame to determine the total number of A-lines to acquire. Corresponding
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number and size of buffers are also allocated. The user will provide the path of the

file containing the reference arm spectrum which was written into disk in the “Live

ICI” VI. The homodyne matrix is then computed.

Second, if the user presses the “Record” button, the program goes into the

“Record” state. In this state, whenever the DAQ receives one digital input rising

edge (normally connected to the PSO output of Npaq), the DAQ will generate a

burst of the user defined dual channel waveforms to trigger the machining laser and

the imaging camera. In the meantime, the “Sequence” VI is called and it will collect

multiple frames in sequence.

Third, when enough frames (number of which defined by the user) are collected,

the program will go to the processing state. The experiment settings (digital waveform

property, number of frames, lines per frame, etc.), acquired data and reference arm

spectrum are stored in the TDM Streaming (TDMS) files (The TDMS file format

is structured using three levels of hierarchy: file, group, and channel [31]. The file

level can contain an unlimited number of groups, and each group can contain an

unlimited number of channels). The IMAQ interface is closed and frames in buffers

are cleared. The DAQ interface is also closed and the task is cleared. The M-mode

is then generated with homodyne filtering. The “k-NN” depth tracking VI then runs

and the user can change the number of nearest neighbors according to the result and

refresh to see the new result. The user can also store the tracked depth.

One example is the ICI image of the depth monitoring of a hole drilling process as

shown in figure 6.5. The surface of a piece of steel is placed on the focal plane. The

machining laser (IPG YLR-100-AC with 1070 nm wavelength) is fired continuously

with an output power of 27.5 W. The beam delivery system is the galvo-telecentric
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system (see section 3.1) but the scanning is not applied. The imaging speed is 100

kHz so totally 100,000 A-lines are collected during the machining process of 1 s. Later

microscope image indicates that the hole diameter is about 86 µm and depth is over

500 µm as shown in the ICI image. The cover gas is 40 psi Argon. There is a DC

bright interface at zero depth due to the sample arm intensity (
∑

zi
Isam(kn, zi)).

Figure 6.5: An ICI image for a hole drilling process. The surface of a piece of steel is
placed at the focal plane. The machining laser (IPG YLR-100-AC with
1070 nm wavelength) is fired continuously with an output power of 27.5
W. The imaging speed is 100 kHz so totally 100,000 A-lines are collected
during the machining process of 1 s. I collected the data and plotted the
figure. There is a DC bright interface at zero depth due to the sample
arm intensity (

∑
zi
Isam(kn, zi)).

The other example is the 3D scan of the Bessle pattern on the sample after the

3D automatic feedback CW IR laser machining shown in figure 4.6. 14400 A-lines are

acquired at the centers of 120 × 120 pixels and depths are tracked with the number

of nearest neighbors set to be 1 × 1 (no neighboring average). The tracked depth is
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then mapped to transverse positions and stored as a 2D array in xls files. The depth

tracking result is shown in figure 6.6.
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Figure 6.6: A 3D scan with Record ICI vi. The sample is a result of automatic 3D
laser machining with a 300 W IR CW laser as shown in figure 4.6. The
depth at deepest point is about 2 mm. 14400 A-lines are acquired at
the centers of 120 × 120 pixels (each pixel is 0.05 mm × 0.05 mm) and
the depths are tracked with the number of nearest neighbors set to be
1 × 1 (no neighboring average). The tracked depth is then mapped to
transverse positions and stored in hard disk as a 2D array. Data collected
by Chenman Yin and me. Figure plotted by me with Matlab.

6.4 Replay ICI VI

This VI is used for processing previously acquired ICI raw data, displaying the pro-

cessed result and tracking the depth.
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Figure 6.7: Flowchart of “Replay ICI” LabVIEW program.

The process of this VI is described in figure 6.7.

First, the user will provide the path of the file in which the reference arm spectrum

is stored. Then the program will calculate the homodyne matrix. The user will also

provide the path of the file in which the raw ICI data is stored and specify the number

of nearest neighbors for the “k-NN” depth tracking sub VI.

Second, the reference arm spectrum will be subtracted from the raw data to get

the interference term. The interference term will then be multiplied by the homodyne

matrix to get the complex homodyne filtered data. The modulus of the filtered data

composes an M-mode.

Third, the M-mode is used for depth tracking with “k-NN” depth tracking sub VI

with the user defined parameters of number of nearest neighbors. The tracked depth
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shown for viewing and the user can refresh the tracking result after he/she changes

the number of nearest neighbors according to the tracking result.
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Chapter 7

Supercontinuum Generation and

Stroboscopic ICI with kHz Pulse

Repetition Rate Femtosecond

Lasers

As described in section 2.4.1, contrast degradation due to motion artifacts may occur

if during one camera integration time (normally on the order of microseconds limited

by the speed of the electronics), the workpiece surface being machined and the line

camera are illuminated continuously by a CW imaging source or many times by a

pulsed source with a MHz high pulse repetition rate. As an estimation, if during one

camera integration time of 5 µs, the interface axial depth variation is greater than a

quarter of the imaging center wavelength at 835 nm (corresponding to an axial veloc-

ity of 0.04 m/s), degradation of SNR happens due to fringe washout[77]. In a laser
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machining process, not only the main interface can exceed this speed, the ejections

such as the neutral materials and plasmas[29, 78] can cause contrast degradation as

well. Our loaned ultrafast laser (Pharos from Light Conversion Ltd) has a tunable

kHz pulse repetition rate and can be synchronized with the line camera so that on-

ly one imaging pulse will be integrated by the camera during one integration cycle.

Therefore using this laser, we are able to “sample” the motion of the machining front

discretely with a “sampling time” as short as the pulse duration of the imaging laser

(stroboscopic) to reduce the motion artifact. All the experiments here are conduct-

ed during a 4 weeks loan of the femtosecond laser source. Most of the results are

phenomenological and not very comprehensive.

Since our ICI system is designed for an imaging spectrum at 815 nm - 855 nm, I did

a supercontinuum generation (SCG) to broaden the femtosecond laser spectrum (1026

nm center wavelength and 8 nm FWHM bandwidth with a 265 fs pulse duration) to

gain the suitable range. The supercontinuum (over 1 octave in free space and covers

at least 815 nm -1000 nm in fiber) is also promising to improve the axial resolution.

7.1 Free-Space Supercontinuum Generation

“A supercontinuum is formed when a collection of nonlinear processes act together

upon a pump beam in order to cause severe spectral broadening of the original pump

beam”[70]. There is no general agreement of how much broadening can be defined as

a supercontinuum. Some researchers claim that as little as 60 nm of broadening can

be named supercontinuum[70, 62, 7]. “Pharos” has been proved to be an ideal source

for SCG[49, 5].
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Figure 7.1: Free-space SCG. Left is the visible spectrum shown by diffuse reflection
which indicates strong spatial chirp (reason not clear). Right is the n-
ear infrared spectrum part (about 750 nm-900 nm) detected by a spec-
trometer after a 730 nm long-pass filter and a 900 nm low-pass filter.
The residue light at 1026 nm (center wavelength before SCG), even after
the 900 nm low-pass filter, still saturates the spectrometer. The whole
spectrum before filtering is estimated to cover from 500 nm to 1026 nm
spanning over an octave.

The laser was attenuated to 260 mW with a 200 kHz pulse repetition rate resulting

in a 1.3 µJ pulse energy. A lens (f = 75 mm) focused it into a 3 mm thick Sapphire

(from Crystran Inc.) with a focal waist of 30 µm. This corresponds to a flux density

of about 6.9 × 1011 W/cm2. The SCG result is shown in figure 7.1. The visible

spectrum is shown by diffuse reflection and it indicates strong spatial chirp (reason is

unclear). The near-infrared part is received by a spectrometer (APE WaveScan) after
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a 730 nm long-pass filter and a 900 nm low-pass filter (Thorlabs DMLP900L). The

limited SCG efficiency results in a strong intensity at 1026 nm (center wavelength

before SCG), which will burn the spectrometer without low-pass filtering.

However, due to the spatial chirp, to couple supercontinuum light into the optical

fiber (our Michelson Interferometer is fiber-based) turns out hard. The spatial chirp

needs to be corrected otherwise not all the wavelengths can be focused on the core of

a fiber with a lens. In turn, I introduced SCG in a single-mode fiber.

7.2 Fiber Supercontinuum Generation

When transmitted through a long single-mode fiber, spectrum broadening is also

possible[48, 15]. I coupled the attenuated ultrafast laser into a piece of single-mode

fiber (Corning HI-780). The new spectrum measured by the spectrometer (which only

detect the spectrum range of 815 nm - 855 nm) is shown in figure 7.2. The spectrum

shown covers the range of 815 nm - 855 nm. The whole spectrum is expected to

extend to 1026 nm. The noise level detected by the spectrometer, when the imaging

laser is off, is less than 0.06 with the same normalized scale.
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Figure 7.2: Spectrum of fiber SCG in the range of about 815 nm - 855 nm. The whole
spectrum is expected to at least cover 815 nm - 1026 nm. The noise level
detected by the spectrometer, when the femtosecond laser is off, is less
than 0.06 in the same normalized scale.

The new spectrum generated by the fiber SCG is used for stroboscopic ICI. Al-

though we did not compress the pulse after the SCG, since the original pulse duration

is over 6 orders of magnitude smaller than the integration time, the duration of the

pulse after the fiber SCG is still believed to be small compared to the integration

time.

7.3 Stroboscopic ICI

The imaging laser and the line camera both have a repetition rate of 200 kHz so

that only one imaging pulse will be integrated in one integration time (3.7 µs). As

an estimation, for an imaging laser with a pulse duration less than 10 ps (allowing
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×40 pulse duration stretching during SCG), if the speed of the interface is well below

2× 104 m/s (a quarter of the center wavelength (835 nm) traveled during the pulse

duration), SNR degradation due to motion artifacts is effectively reduced.
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Figure 7.3: The CW illumination B-mode of kW laser welding (in comparison with
figure 7.4). The sample is located at the depth of 1345 µm and no interface
can be resolved over the noise. The laser is hitting the sample from low
depth to high depth. The sample feedrate is 30 mm/s. The machining
laser power is 1000 W.

To test the effect of stroboscopic ICI, two experiments for kW CW laser welding

of steel are conducted for the comparison between stroboscopic imaging and the CW

SLD imaging. The average power (received by the camera during integration time) of

attenuated SLD is close to that of the ultrafast laser. All parameters (including the
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Figure 7.4: The stroboscopic B-mode of kW laser welding (in comparison with figure
7.3). The sample is located at the depth of 1345 µm and the depth chang-
ing before 0.1 mm (key hole formation [36] during the welding process)
can be seen. The laser is hitting the sample from smaller depth to larger
depth (pointing upward in y axis). The sample feedrate is 30 mm/s. The
machining laser power is 1000 W.

data processing method) are the same for two experiments with the only exception

of the imaging light source.

A thick piece of stainless steel was placed close to focal plane of a 1000 W con-

tinuous high power machining laser with a wavelength of 1064 nm (IPG. YLS-1000).

The steel moves at 30 mm/s feedrate in the direction perpendicular to the laser beam.

The sample top surface is placed at 1345 um and the 1000 W laser fires continuously.
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The B-mode during the first 17 ms in the welding process over a length of 0.5 mm

imaged by CW SLD illumination is shown in figure 7.3. The experiment is repeated

but with stroboscopic ultrafast imaging and the B-mode is shown in figure 7.4. With

stroboscopic ICI, some interfaces can be resolved, especially the interface at the very

beginning indicating the machining front is getting deeper [36]. However, for CW

SLD illumination, no interfaces are recognizable against the noise. In both figures,

the laser is hitting the sample from lower depth to higher depth (pointing upward

in y axis). Higher depth is designed to be closer to zero delay point to reduce SNR

fall-off in deeper positions(see section 2.3 and [23]). The contrast improvement with

stroboscopic ICI is demonstrated here.

This preliminary result indicates that the stroboscopic ICI with a ultrafast laser

source with kHz pulse repetition rate is a promising way to improve the robustibility

of the ICI system over motion artifacts during laser machining.

7.4 Future Work

In the future, it is possible to study ultrafast laser machining with pump-probe

technology[19, 1, 78] applied to ICI. In pump-probe ICI, the ultrafast laser will be

divided into two parts — the imaging beam and the machining beam. A delay line

is added to the imaging beam to control the time-of-flight difference between pump

machining beam and probe imaging beam. The SCG and low-pass filtering is done

on the imaging beam to make sure it has a different spectrum range from the ma-

chining beam. The imaging beam is then used as the broadband source in the ICI

interferometer. By adjusting the delay line, accurate timing control of the delay of

the imaging relative to the ultrafast machining can be achieved. This will offer the
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capacity to capture the depth changing information at controlled “time-gate” with

femtosecond-level temporal resolution during ultrafast laser machining.
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Yb: KGWMOPA driven broadband NOPA as a frontend for TW few-cycle pulse

systems. Optics Express, 19(4):3519–3524, 2011.



BIBLIOGRAPHY 75

[6] J A Barron, P Wu, H D Ladouceur, and B R Ringeisen. Biological laser print-

ing: a novel technique for creating heterogeneous 3-dimensional cell patterns.

Biomedical Microdevices, 6(2):139–147, 2004.
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Appendix A

Motion Control Code

A.1 3D Laser Machining Motion Control Code

;This code is used in Areotech by Yang JI. ’;’ is a sign of comment and

;the words after it will not be compiled.

#DEFINE LENGTH 1.0

;DEFINE THE LENGTH OF THE AREA OF MACHINING

#DEFINE WIDTH 1.0

;DEFINE THE WIDTH OF THE AREA OF MACHINING

#DEFINE SPACING 0.02

;SIZE OF OUR PIXEL

#DEFINE SPEED 1

;SPEED OF SCANNING

DVAR $FOREVER

; FOREVER RUN THE LOOP

DVAR $MYVAR

$FOREVER=1

POSOFFSET SET X0 Y0 Z0 ; SET THE CORNER OF THE AREA TO BE (0,0,0)

$DO[0].X=1

$DO[1].X=1

DWELL 1

WHILE $FOREVER<4 DO
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$FOREVER=$FOREVER+1

;WAIT( $DI[0].X == 1) -1

;WAIT UNTIL LABVIEW SIGNAL OF DI TO START A SCAN SET

;;;;;;;;;;;;;;;;;;;;;;;;;;PSO SETTING;;;;;;;;;;;;;;;;;;;;;;;;;;;

PSOCONTROL X RESET

PSOOUTPUT X CONTROL 0 0

PSOPULSE X TIME 2, 1 ;DEFINE THE PULSE PROPERTY

PSOTRACK X INPUT 6

PSOWINDOW X 1 INPUT 6

;DEFINE WINDOW 1

PSOWINDOW X 2 INPUT 6

;DEFINE WINDOW 2

PSOWINDOW X 1 RANGE UNITSTOCOUNTS(X,-SPACING/2) , UNITSTOCOUNTS(X,LENGTH)

;WINDOW 1 RANGE DEFINED FOR WHEN X IS MOVING FORWARD

PSOWINDOW X 2 RANGE 0 , UNITSTOCOUNTS(X,LENGTH+SPACING/2)

;WINDOW 2 RANGE DEFINED FOR WHEN X IS MOVING BACKWARD

PSODISTANCE X FIXED UNITSTOCOUNTS(X,SPACING)

PSOTRACK X RESET 0x40 ;PSOTRACK SYNCHRONIZED WITH WINDOW

PSOOUTPUT X PULSE WINDOW MASK

PSOCONTROL X ARM

PSOWINDOW X 1 OFF

;TURN THE WINDOW 1 OFF FIRST

PSOWINDOW X 2 OFF

;TURN THE WINDOW 2 OFF FIRST

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;

INCREMENTAL

F SPEED

LINEAR X (-SPACING)

; IN THE FOLLOWING LOOP THE SCANNING OF ONE LOOP IS LIKE THIS

;********************************************************

;***********---------------------------------***********

;***********|*******************************|***********

;***********|*******************************|***********

;***********|*******************************|***********

;***********|*******************************|***********

;***********|*******************************|***********

;-----------|*******************************|-------------

FOR $MYVAR = 1 TO (WIDTH/SPACING) STEP 2

;TWICE THE SPACING IS TRAVELLED ON EACH LOOP

LINEAR Y (SPACING/2)
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;HALF THE SPACING IN Y

PSOWINDOW X 1 ON

;WINDOW 1 FOR X MOVING FORWARD IS ON

LINEAR X (LENGTH+SPACING*2)

;MOVE X FORWARD FOR LENGTH+2*SPACING

PSOWINDOW X 1 OFF

;WINDOW 1 FOR X MOVING FORWARD IS OFF

LINEAR Y SPACING

;SPACING IN Y

PSOWINDOW X 2 ON

;WINDOW 2 FOR X MOVING BACKWARD IS ON

LINEAR X (-LENGTH-SPACING*2)

;MOVE X BACKWARD FOR LENGTH+2*SPACING

PSOWINDOW X 2 OFF

;WINDOW 2 FOR X MOVING BACKWARD IS ON

LINEAR Y SPACING/2

;HALF THE SPACING IN Y

NEXT $MYVAR

PSOWINDOW X 1 OFF

PSOCONTROL X OFF

ABSOLUTE

LINEAR X0 Y0 Z0 F1

ENDWHILE

$DO[0].X=0

$DO[1].X=0


